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ABSTRACT 
A series of new ligands, (E)-4-(4-carboxy-2-hydroxybenzylidene)amino-3-hydroxybenzoic 
acid (L1) and 4-(4-carboxy-2-hydroxybenzyl)amino)-3-hydroxybenzoic acid (L2) were 
synthesized and characterized using nuclear magnetic resonance spectroscopy 1H NMR, 
13C{1H} NMR and 31P{1H} NMR, infrared spectroscopy, high resolution electrospray 
ionisation mass spectrometry as well as elemental analysis. Complexation reactions of these 
ligands with [PdCl2(PR3)2] or [PtCl2(PR3)2] gave the corresponding tridentate OᶺNᶺO Pd(II) 
and Pt(II) complexes (C1 - C6). These Pd(II) and Pt(II) complexes were characterized using 
the above mentioned spectroscopic and analytical techniques. All the complexes were 
evaluated as pre-catalysts in the hydrogenation of furfural using molecular hydrogen as a 
hydrogen source. The catalysts showed excellent activity and selectivity towards formation of 
furfuryl alcohol. Pre-catalysts C1, C3, C4 and C6 also formed a second product 
(tetrahydrofurfuryl alcohol) in minimal amounts. The highest turnover frequency obtained 
was 175 h-1 after the first 2 hours using pre-catalyst C1 for the hydrogenation reaction. The 
palladium complex C1 showed significant catalytic activity up to four cycles. No catalyst 
poisoning was observed in the mercury poisoning experiments with pre-catalysts C1, C4, C5 
and C6 and this proved that these systems were entirely homogeneous.  
Complexes C1 and C5 have also been evaluated as pre-catalysts for the hydrogenation of 
furfural using formic acid as a hydrogen source. Both catalytic systems resulted in good 
activity and exclusive selectivity towards furfuryl alcohol in the hydrogenation reaction. The 
highest turnover frequency obtained was 1060 h-1 using pre-catalyst C5.
v 
 
Pre-catalyst C5 also proved to be recyclable and could be recycled with a drop in conversion 
of FF in the 5th cycle. In situ NMR studies were performed and culminated in the proposition 
of plausible reaction mechanism of the reaction making use of 1H NMR and 31P{1H} NMR 
spectroscopy to identify the active species.  
The water-soluble Pd(II) catalyst precursors (C1 and C3) have also been tested as pre-
catalysts in the Mizoroki-Heck carbon-carbon cross-coupling reaction and have proved to be 
versatile with various substrates in neat water. The reaction was conducted at 140 °C for the 
Mizoroki-Heck carbon-carbon cross-coupling reaction of activated aryl iodides and bromides 
with methyl and ethyl acrylates. When styrene was employed as the substrate excellent 
conversion of aryl halide to the trans-product observed using 5 mol% catalyst loading in the 
presence of tetrabutyl ammonium bromide (TBAB) phase transfer agent. The catalysis results 
show that these catalysts can couple various substrates in a non-toxic and benign solvent. 
After extraction of the organic product, the catalyst containing aqueous layer could be 
recycled efficiently twice with a significant drop in the aryl halide conversion after the third 
recycle. No catalyst poisoning was observed in the mercury poisoning experiments with both 
catalyst precursors and this proves that both systems are entirely homogeneous. 
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 Literature review on the design and synthesis of the PGM catalysts and 
their application in biorefinery/catalysis
1.1 Introduction 
The world’s utilization of fossil fuels
whereas the reserved resources 
as natural gas, oil and coal provide more than three quarters of the world's energy (Figure 
1.1).3–7 
Figure 1.
With the depletion of fossil fuel reserves and increase in energy demand, great efforts are 
being made to convert renewable biomass into 
chemicals.3,8,9 Hence, much research is being done in exploring non
sources. In recent years, the transformation of biomass as an alternative environmentally 
friendly, widely abundant and inexpensive renewable resource has attracted attention in both 
scientific and industrial communities.
lignocellulosic biomass into fuels
dependence on fossil fuel resources and reducing environmental pollution.
levels of CO2 in the atmosphere has also led to search for new renewable sources of energy 
Oil
31.3%
Hydro
2.4%
Nuclear
4.8%
Biofuels and 
CHAPTER ONE 
 
 and petrochemical products is increasing rapidly, 
for obtaining these products are decreasing
1 Sources of energy used in the world. 
fuels, carbon-based materials and valuable 
-fossil carbon energy 
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that can be a substitute for fossil fuels.17,18 Biomass is a potentially sustainable and 
environmental benign source of energy. It is also CO2 neutral (since plants use CO2 in 
producing biomass, therefore when plant biomass is processed it does not introduce new CO2 
into the atmosphere) thus, production of fuel from biomass will result in a net reduction of 
greenhouse gas emission.3,9,19 
1.2 Lignocellulosic biomass: its sources and conversion methods 
Lignocellulosic biomass is the major component of plant materials such as waste from 
agricultural and forestry processes, as well as wood from industrial processes. The estimated 
annual production of biomass is 2 × 1011 metric tons.20–23 Lignocellulose mainly contains 
cellulose (40-50%), hemicellulose (25-35%) and lignin (15-20%), respectively (Figure 
1.2).17,24–26 Based on the plant type, the relative portion of cellulose, lignin and 
hemicelluloses found in biomass is different.  
Cellulose is a major structural component in carbohydrates, which consists of linear 
polymeric strands of unbranched D-glucose. These D-glucose units are connected via β-1.4 
linkages, which form basic inter and intra-strands hydrogen bonded helices, and thus 
hydrolytic degradation is necessary to release the sugar monomers.27,28 In contrast to 
cellulose, hemicellulose is a random, amorphous, branched polymer formed by different 
sugar units such as D-glucose, D-mannose, β-galactose, L-arabinose and D-xylose being the 
most abundant monomer.29,30 The lignin fraction of biomass is a complex three-dimensional, 
cross-linked biopolymer with methoxylated phenyl propane units. For example, sinapyl 
alcohol, coniferyl alcohol and coumaryl alcohol, bonded together by ether and carbon-carbon 
bonds arranged in an amorphous manner, and this is responsible for the structural rigidity of 
plants.24,31 
The conversion technologies for biomass are divided into four basic categories which are 
thermochemical processes, direct combustion processes, biochemical processes and 
agrochemical processes.24 The thermochemical conversion process can be further subdivided 
into pyrolysis, gasification and direct liquefaction. These approaches can be used for the 
conversion of lignocellulosic biomass (Figure 1.2).32,33 Gasification is a process whereby an 
oxygen deficient thermal decomposition of carbonaceous matter such as petroleum, coal or 
biomass is heated at about 750 ⁰C, to produce valuable gaseous products like hydrogen, 
nitrogen, methane or syngas. The syngas component of the gas mixtures serve as a feedstock 
for liquid hydrocarbon fuels generation by Fisher-Tropsch synthesis.16 Pyrolysis involves the 
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conversion of biomass into liquids known as bio-oils, non-condensable gases, acetone and 
methanol by heating biomass at about 477 ⁰C in the absence of air.20,34 Liquefaction is an 
alternative way for the production of bio-oils. It is a low temperature, high pressure, 
thermochemical process which consists of catalytic thermal decomposition of large molecules 
to marketable liquid products.3,32 
 
Figure 1.2 Main approaches for lignocellulosic biomass conversion.13,24,32 
Hydrolysis of cellulose involves cleavage of β-1,4-glycosidic bonds between the sugar units 
to form monosaccharides such as glucose, mannose and fructose, in the presence of a base or 
acid catalysts at temperatures ranging from 97 ⁰C to 297 ⁰C.3,30 
Following hydrolysis, the sugar units derived from cellulose and hemicellulose can be 
converted to numerous chemicals. Among the many possible chemicals is the starting 
material in producing furanic biofuels, furfural (FF), which can be formed from xylose and 
xylan and is recognised as versatile intermediate (Scheme 1.1).35 It is not an attractive fuel 
component because of its stability, melting point and high oxygen content. However, FF can 
be used as a starting material to produce a variety of highly valuable furan derivatives, as 
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well as to produce fuel additives and liquid alkanes. FF can be further transformed into a 
series of valuable products such as tetrahydrofurfuryl alcohol (THFA), γ-valerolactone 
(GVL), furfuryl alcohol (FA), furans, cyclopentanone (CPO), ethyl levulinate (EL), 1,5-
pentanediol (1,5-PDO) and 2-methylfuran (MF).15,36,37 For example, FA can be used as a 
monomer in functional polymer production, GVL is useful in the flavouring industry and EL, 
1,5-PDO and MF are promising fuel (blends). Among these compounds, FA and THFA, 
which are products of furfural hydrogenation, are particularly attractive.38 
1.3 Furfural: consumption, applications and conversion to other derivatives 
FF has a molecular formula of C5H4O2, molecular weight of 96.03 g/mol and some of its 
properties are shown (Table 1.1).39 It is an almond-scented, colourless, oily liquid that turns 
yellow to dark brown when exposed to air.  
Table 1.1 Properties of furfural.39 
Boiling point (oC) 161.7 
Freezing point (oC) -36.5 
Density at 25 oC 1.16 
Solubility in water, wt% (25 oC) 8.3 
Dielectric constant at 20 oC 41.9 
Heat of combustion at 25 oC (kJ/mol) 234.4 
Critical temperature Tc (
oC) 397 
Auto ignition temperature (oC) 315 
 
FF is mainly produced by hydrolysis and dehydration of hemicellulose obtained from 
corncobs and sugarcane bagasse. (Scheme 1.1).15,40–43 Global consumption of FF was 441 
thousand metric tonnes in 2015, with China, Dominican Republic and South Africa as major 
producers.44 
 
Scheme 1.1 Production of FA and THFA from bio-derived platform molecule.15,40–43 
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FF is industrially produced from biomass rich pentosan such as sugarcane bagasse, corncobs 
and oat hulls using Quaker Oats technology employing mineral acids as catalysts.45,46 
However, these mineral acids have disadvantages because they cause corrosion of reactors 
and require harsh reaction conditions, thus resulting in high energy and maintenance 
costs.41,47 The process also generates large amounts of acid effluent that is costly to dispose 
and bad for the environment. FF is used mainly to produce FA and this represents the largest 
market segment for FF.45 
FF is also used as a solvent, fungicide, nematicide and flavour enhancer for food and 
drinks.16,47–49 Selective hydrogenation of FF produces useful chemicals including furfuryl 
alcohol (FA) used for the production of synthetic fibres, rubbers and resins,35,50 
tetrahydrofurfuryl alcohol (THFA) used to manufacture fragrances,50 2-methylfuran (MF) 
used to manufacture pharmaceuticals,51 tetrahydrofuran (THF) used for the production of 
agrochemicals,52 and levulinic acid (LA) used for the production of cosmetics and 
pharmaceuticals (Scheme 1.2).16 For high selectivity of these useful chemicals an 
environmentally acceptable catalyst has to be developed that could efficiently convert FF 
under mild reaction conditions and selectively hydrogenate the carbonyl group (C=O) rather 
than the (C=C) bonds.41 
There are two ways to produce FA from FF namely; 1) vapour phase and 2) liquid phase 
hydrogenation. In liquid phase hydrogenation, high pressure and temperature conditions are 
required, while side products from ring-opening of the furanic ring are also formed. In vapour 
phase hydrogenation, depending on the type of catalyst used, hydrogenation of FF can result 
in a variety of products such as FA, THFA, MF etc.53,54 Furthermore, FF can be converted by 
several catalytic processes. These includes selective hydrogenation, decarboxylation and 
oxidation to give a variety of C4 and C5 molecules (Scheme 1.2),
48 and are important building 
blocks for both the production of valuable chemicals and fuels.  
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Scheme 1.2 Various derivatives of FF.35,47,48 
1.3.1 Properties and application of furfuryl alcohol 
FA is sparingly soluble amber liquid (at 20 oC).53 It is used mainly in the polymer industry for 
the production of furan fiber-reinforced, plastics for application in piping, rubbers and 
agrochemicals.45,47 It is also used as a solvent in pigments, varnish, flavour, rocket fuel and 
other products in the fine chemical industry.55,56 FA is one of the most important derivatives 
produced from hydrogenation of FF. It is estimated that ⁓62% of the FF produced worldwide 
is converted into FA.39,57,58 
1.3.2 Properties and application of tetrahydrofurfuryl alcohol (THFA) 
THFA (Scheme 1.2) has a molecular formula of C5H10O2 and molecular weight of 102 g/mol. 
THFA is a transparent, high boiling and is completely soluble in water.53 It is considered as 
an environmentally benign solvent and is used for the production of printing inks, electronic 
cleaners and in the preparation of 1,5-pentanediol (1,5-PDO).39,59 THFA can be directly 
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produced from FF or FA. The conventional way of producing THFA is by a two-step 
catalytic hydrogenation of FF via FA intermediate (Scheme 1.2) over Cu-Cr or noble metal 
catalysts.60,61 
Catalytic conversion of biomass feedstock and bio-derived platform chemicals has been 
largely dominated by heterogeneous catalyst systems. Very few rationally designed 
homogenous pre-catalysts have been investigated as part of the biorefinery concept.48 This 
project aimed to make a contribution on this area, by designing homogenous catalyst to 
selectively convert FF to the important commodity chemicals, FA and THFA. 
1.4 Catalysis 
Catalysis is one of the most significant tools used to drive Green Chemistry, and when a 
catalyst is added to a chemical reaction, it speeds up the rate of the reaction without being 
consumed or generated as one of the products. Catalytic systems are divided into two types 
namely, homogenous catalysis and heterogeneous catalysis. Table 1.2 shows the differences 
between  homogenous and heterogeneous catalysis.62 
Table 1.2 Comparison of homogenous catalysis versus heterogeneous catalysis.62 
Property Homogenous catalysis Heterogeneous catalysis 
Phase Liquid Solid/liquid; Solid/gas 
Selectivity High Low 
Active sites Well-defined, discrete  Poorly defined  
Catalyst recovery Difficult and expensive Easy and cheap 
Activity Moderate High 
Catalyst modification Easy Difficult 
Working temperature/thermal 
stability 
Low (< 250 ⁰C) High (250 - 300 ⁰C) 
Resistance to catalyst poisoning High Low 
Heat transfer Easy Can be problematic 
Despite the moderate to good conversions that heterogeneous catalysts exhibit, low 
selectivity (for the desired products) and high temperature and pressure operating conditions 
are concerning drawbacks.63 Homogenous catalysts offer increased activity, improved 
selectivity and no mass transfer limitations, thus permitting lower temperature operating 
requirements. The high selectivity of homogenous catalysts makes them preferable over 
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heterogeneous catalysts.64 A good catalyst has good selectivity of the desired product with 
minimum amounts of the side products. Having observed the underrepresentation of 
homogenous catalysts in biorefinery, this motivated us to explore these systems for 
hydrogenation of FF in order to exploit the benefits of homogenous catalysis and also 
possibly gain mechanistic insight to the reactions as a means to develop more efficient 
catalysts. We have selected phosphine-containing complexes as homogeneous catalyst 
precursors and therefore briefly discuss these ligands in the following section. 
1.5 Phosphine and related ligands in catalysis 
Among several ligands used in the hydrogenation of C=C, C=O containing compounds are 
the phosphine ligands.65 Phosphine ligands have a general formula PR3 (where R = alkyl, 
halide, aryl, hydrogen etc). These ligands play an important role in stabilizing many transition 
metal catalysts and can activate the metal centre while also assist in fine-tuning the selectivity 
of products in catalytic transformations. This is done by  modifying the steric and electronic 
environment around the phosphine by simply varying the substituents on the phosphorus 
atom.66,67 Phosphine ligands can be also modified by substituting the carbon atom directly 
bonded to the phosphorus atom with one, two or three oxygen atoms (Figure 1.3) to give 
phosphinites, phosphonites and phosphites. 
 
Figure 1.3 Various types of phosphorus ligand families.67 
For the purpose of this project, we have used phosphines for their good ability to stabilize d8 
metal ions such as Pd and Pt. The new PdII and PtII complexes bearing phosphine ligands 
prepared herein have been used as catalyst precursors in hydrogenation of furfural and in 
Mizoroki-Heck carbon-carbon cross-coupling reactions, therefore we review these reactions 
in the following sections. 
1.6 Catalytic hydrogenation 
Hydrogenation is one of the most important catalytic transformations  and it has a wide range 
of applications in the pharmaceutical and fine chemical industries.68 Two employed strategies 
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for hydrogenation reactions are direct hydrogenation and transfer hydrogenation. Utilization 
of molecular H2 as a hydrogen source has several advantages owing to its wide availability 
and easy activation on many metal catalysts. However, direct hydrogenation is limited by the 
safety hazard and high cost associated with the use of high pressure H2.
68,69 Transfer 
hydrogenation, employs organic compounds (for example formic acid, methanol, ethanol, 2-
propanol etc) as hydride/H2 donors.
36,37,70 Utilization of alcohols as H2 donors in catalytic 
transfer hydrogenation reactions has been investigated with different catalysts and substrates. 
The advantages of transfer hydrogenation, is that the H2 sources are inexpensive, readily 
available, safer and easy to handle.15,36,49,69 
1.6.1 Catalytic hydrogenation of furfural 
Copper chromite is the catalyst currently employed in industrial scale hydrogenation of FF to 
FA.45 The chromium component of this catalyst, however, is known to be environmentally 
toxic, and the reaction requires extremely high temperature and pressure conditions. 
Therefore, there is a need to develop alternative chromium-free catalysts that can promote FF 
to FA conversion at moderate operating temperature conditions. There are several recent 
reports on the hydrogenation of FF to FA over heterogeneous catalysts containing Ru, Ir, Pt, 
Cu and Pd metals.56,71–73 
1.6.2 Palladium-catalyzed conversion of furfural to furfuryl alcohol 
Palladium-based metal catalysts are generally preferred for the hydrogenation of furfural to 
furfuryl alcohol, due to their high efficiency and selectivity under mild reaction conditions.  
Palladium catalysts also demonstrates better stability than other transition metal-based 
catalysts. Sitthisa et al. proposed a catalytic strategy for the hydrogenation of FF using 10 bar 
of H2 over 5% Pd/SiO2 catalyst, which resulted in 74% conversion of FF with 65% yield of 
FA at 230 °C in 15 minutes.74 O'Driscoll et al. reported that the hydrogenation of FF to FA 
over 1.9% Pd/SiO2, resulted in 45% FF conversion. The authors observed 8% selectivity to 
FA in ethanol, using 20 bar of  H2 at 100 °C after 5 hours.
35 In another report, Yu et al. found 
that 5% Pd/C and 20 bar H2 at 150 
oC gave 35% FA from FF (only 41% FF conversion) in 
toluene.75 Thompson and co-workers reported on the hydrogenation of FF to FA using 
[Pd(NH3)4](ReO4)2 on Al2O3 which exhibited remarkably high activity, resulting in 87% 
conversion of FF with 73% selectivity to FA using 10 bar of H2 at 150 °C.
73 Only few reports 
on the use homogeneous palladium catalysts for hydrogenation of FF to FA exist in the 
literature.   
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1.6.3 Platinum-catalyzed conversion of furfural to furfuryl alcohol 
Recently, several platinum-based heterogeneous catalysts have been reported for 
hydrogenation of FF. Hronec et al. reported that this reaction took place over 5% Pt/C using 
80 bar at 175 oC in just 0.5 hours, to give 99% conversion, with 48% selectivity to FA in n-
butanol.36 A look at the effect of solvent and metal  (Ni, Pt, Pd, or Ru) on the hydrogenation 
selectivity, showed that Pt was more selective to produce FA than other metals in n-butanol 
as the best solvent.36 Bhogeswararao and co-workers reported 95% yield of FA after 96% 
conversion of FF over Pt/Al2O3 at 120 
oC in an hour.59 Vetere and co-workers reported 90% 
conversion of FF and 98% selectivity to FA using bimetallic Pt-Sn/SiO2 catalyst at 100 
oC 
over 8 hours.76 In another report, O'Driscoll et al. recorded a low conversion of 47% and 
close to 100% selectivity to FA over 0.6%Pt0.4%Sn/SiO2 in ethanol, using 20 bar of H2 at 
100 °C in 5 hours.35 To the best of our knowledge, no reports on the use of homogenous 
platinum catalysts exist in the literature for the hydrogenation of FF to FA, and this sparked 
interest to develop and study these systems. This may not only provide mild reaction avenues 
but can also allow exploration of the reaction mechanism in order to understand how the 
products and/or by-products are formed. 
1.6.4 Ruthenium-catalyzed conversion of furfural to furfuryl alcohol 
There are several ruthenium based homogenous catalysts that have been used in the 
hydrogenation of FF to FA. Gowda and co-workers reported on the catalytic activity of 
ruthenium(II)bis(diimine) complexes cis-[(Ru(4,4′-Cl2bpy)2(OH2)2)(BArF)2] (1.1a) and cis-
[(Ru(4,4′-Cl2bpy)2(OH2)2)(CFSO3)2] (1.1b) under mild conditions. The hydrogenation 
reaction gave a good yield to FA at 100 oC with 100% conversion of FF with both catalysts in 
ethanol after 18 hours (Figure 1.4).77 Interestingly, catalyst systems gave an additional 
product, MF. 
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Figure 1.4 Structure of ruthenium(II)bis(diimine) complex used as a catalyst precursor in the 
hydrogenation→hydrodeoxygenation of FF. 
The authors proposed a plausible mechanism for the formation of this secondary product FA. 
In this pathway, protonation of FA is followed by hydride-assisted cleavage of the C-O bond 
on the electrophilic carbon of the protonated FA, as shown in Scheme 1.3.77 
 
[Ru] = Ru(6,6' Cl2bpy): Z = H2O, FA, solvent = ethanol, OTf
- 
Scheme 1.3 A plausible mechanism for hydrogenation of FF.77 
The ruthenium metal precursor [RuCl2(p-cymene)]2 gave 94% conversion of FF with an 85% 
yield of FA at a low temperature of 60 oC over 24 hours. Even though the yield was high, the 
reaction time was much longer. Strassberger and co-workers also synthesized Ru-carbene 
complexes which were used as catalyst precursors in FF hydrogenation and found that 99% 
of the FF was successfully converted, and the catalysts was highly selective (99%) to FA.78 
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Huang et al employed [RuCl2(PPh3)3] catalyst precursor, using 30 bar H2 to give 93% 
conversion of FF at 70 oC.79  
1.6.5 Iridium catalyzed conversion of furfural to furfuryl alcohol 
Reyes et al. reported the hydrogenation of FF to FA over Ir/TiO2 using 6.2 bar of H2 in 
ethanol/heptane mixture, to give 30% conversion of FF with 100% selectivity to FA in 5 
hours at 90 oC.80 Wei-Peng Wu and co-workers reported that half-sandwich iridium 
complexes [(Cp*Ir-(di-OMe-bpy)(OH2)][SO4] (di-OMe-bpy = 4,4’-dimethoxyl-2.2’-
bipyridine) (catalyst 1.2a) and [Cp*Ir-(di-OH-bpy)(OH2)[SO4] (di-OH-bby = 4,4
’-
dihydroxyl-2,2’-bipyridine) (catalyst 1.2b) proved to be a good catalysts for aqueous phase 
hydrogenation of carbohydrate-derived molecules, including FF. A turnover frequency of 
7340 h-1 was achieved in FF hydrogenation to give FA using 10 bar of H2 at 120 
oC after 1 
hour using catalyst 1.2b (Figure 1.5).72 
 
Figure 1.5 Structure of half-sandwich iridium complexes used as catalysts precursors.72 
1.7 The Mizoroki-Heck carbon-carbon cross-coupling reaction 
The Mizoroki-Heck carbon-carbon cross-coupling reaction is one of the most important and 
useful palladium-catalyzed reaction used for the construction of vinyl alkene compounds via 
carbon-carbon bond formation.81–84 The reaction has been extensively studied and  applied in 
research and in industry in the production of fine chemicals, natural products, agrochemicals, 
polymers and pharmaceutical compounds to name a few.85–89 
For example, the Mizoroki-Heck carbon-carbon cross-coupling reaction has been used to 
prepare an LTD4 receptor antagonists L-699,392 (1.3). This compound is an antiasthma 
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agent, produced by Merck, and its synthesis involves the cross-coupling of arylbromide or 
aryltriflate with a derivative of vinylquinoline in dimethyl formamide (DMF) using 
palladium(II) acetate as a pre-catalyst (Figure 1.6).90 
 
 
Figure 1.6 Asthma treatment drug (produced by Merck)..90 
This transition metal catalyzed reaction was first discovered by Mizoroki and Heck, and it 
involves the cross-coupling of alkenes and arylhalides, vinylhalide, triflates or benzylhalide 
in the presence of a base (Scheme 1.4).82,84,88,91–94 In recognition of the significance of 
carbon-carbon cross-coupling reactions in synthetic chemistry, Heck, Negishi and Suzuki 
were awarded the prize in Chemistry in 2010.91 
 
Scheme 1.4 The Mizoroki-Heck carbon-carbon cross-coupling reaction.82,84,88,91–94 
Palladium is the preferred metal because of its ability to tolerate a wide variety of functional 
groups and to assemble C-C bonds between appropriately functionalised substrates.95 
Furthermore, palladium complexes are becoming increasingly popular as superior catalysts in 
bringing about carbon-heteroatom and carbon-carbon cross-coupling reactions of various 
types. Researchers are paying more attention to these cross-coupling reactions due to its 
reliability in the construction of carbon-carbon bonds.96 The mechanism of the Mizoroki-
Heck carbon-carbon cross-coupling reaction is shown in Scheme 1.5.85,88,97–99 The reaction 
begins with oxidative addition of an organohalide to the Pd centre to form PdII species. The 
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nucleophilic olefin undergoes coordination followed by migratory insertion into the Pd-C 
bond.  
 
Scheme 1.5 Catalytic cycle for the Mizoroki-Heck cross-coupling reaction.85,88,97–99 
Beta-hydride elimination leads to an intermediate containing a Pd-hydride bond. Finally, the 
intermediate undergoes a base-assisted deprotonation from PdII to Pd0 active species.  
1.7.1 Palladium-based catalysts for the Mizoroki-Heck cross-coupling reactions in water 
Palladium-catalyzed cross-coupling very significant tools in the synthesis of numerous 
molecules with diverse chemical, physical and biological activities due to the fact that 
organopalladium complexes are fairly stable and non-toxic.95,100 The use of palladium-
phosphine complexes as pre-catalyst for the Mizoroki-Heck carbon-carbon cross-coupling 
reaction is well documented.85,101,102 The efficiency of the palladium-based catalysts is 
strongly dependent on the nature of phosphine ligands due to their stabilisation effects and 
superior donor capability.103,104 As such, most efficient Mizoroki-Heck carbon-carbon cross-
coupling catalysts contain phosphine ligands.98,105 Common organic solvents, such as 
dimethyl formamide, methanol, hexamethylphosphoramide, N-methylpyrrolidone and 
acetonitrile have been used in cross-coupling reactions, however these solvents are 
flammable, toxic, volatile and are harmful to human health and generate organic waste.106–108 
Therefore, there has been a drive to find ways of carrying out cross-coupling reactions in 
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greener solvents. This has resulted in chemists and researchers carrying out Mizoroki-Heck 
carbon-carbon cross-coupling in an environmentally benign solvent such as water.109 
Water has emerged as a versatile solvent for organic reactions in recent years due to its merits 
and attractive properties from both environmental and economical perspectives.110–112 Water 
is inexpensive, odourless, abundant, non-corrosive, non-flammable and non-toxic.81,111,113,114 
Also, water has unique characteristics such as strong hydrogen bonding potential, elevated 
surface tension, high heat capacity and polarity that might greatly influence the reaction 
course.110,114 
In the Mizoroki-Heck carbon-carbon cross-coupling reaction, water has been found to 
improve the reaction by promoting the migratory insertion step in the catalytic cycle and 
protecting the active catalyst, by displacing liable ligands from the metal coordination 
sphere.100,111,115–117 One of the major drawbacks of homogenous catalysis lies in the 
separation of the product from the catalyst after the reaction. This often requires several steps 
and is costly on an industrial scale. The use of aqueous biphasic reaction media can make it 
easy for catalyst recovery and reuse, since the catalyst can be immobilized in the aqueous 
phase while the products/substrates remain in the organic layer.107 In order for the reaction to 
work in aqueous medium it is necessary that the catalyst is designed in such a way that it has 
hydrophilic functional groups, such as ammonium, sulfonate, phosphine, carboxylate, amine 
and pyridinium salt. 
The first Mizoroki-Heck carbon-carbon cross-coupling reaction carried out in aqueous-phase 
was reported by Beletskaya and co-workers in 1988. The authors used a ligand free 
Pd(OAc)2-catalyst which transformed water-soluble arylhalides with acyclic acid in water in 
the presence of K2CO3, resulting in high yields of 95% (Scheme 1.6). 
 
Scheme 1.6 First report of an aqueous Mizoroki-Heck cross-coupling reaction.118 
A sulfonated water-soluble phosphine ligand was used with palladium, by Calabrese et al., 
for aqueous phase Mizoroki-Heck carbon-carbon cross-coupling reaction, to give 63% yield 
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of the product using [Pd(OAc)2/PPh2(m-H6H4SO3Na)(H2O)4] in a mixture of water and 
MeCN at 80 ⁰C (Scheme 1.7).119 
 
Scheme 1.7 First reports on homogenous Mizoroki-Heck cross-coupling reaction in water.119 
In 2011, Tang and co-workers used an N-heterocyclic carbene PdII complex derived from 
proline (1.5). This system was found to be an efficient catalyst in Mizoroki-Heck carbon-
carbon cross-coupling reaction of aryl bromides and iodides in water. The catalytic system 
resulted in 84% yield of the coupled product after 24 hours using KOtBu as a base at 100 ⁰C 
(Figure 1.7).120 However, the authors were not able to recycle with their catalytic system. 
 
Figure 1.7 N-heterocyclic carbene-Pd(II) complex derived from proline.120 
Najera and co-workers also reported on the use of modular, water-soluble di-2-
pyridylmethylamine palladium complexes (1.6 and 1.7) (Figure 1.8).121 In combination with 
diisopropylamine (DIPA) and tetrabutyl ammonium bromide (TBAB), high yields (95%) of 
the cross-coupled product between aryl halides with m-chlorostyrenes and butyl acrylates, in 
water were obtained with these complexes. 
 
Figure 1.8 Structures of di-2-pyridylmethylamine Pd(II) complexes.121 
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Sanjay and co-workers used a [Pd(PPh3)4]/H2O/Et3N catalytic system at (98 ⁰C) to couple 
arylbromide and aryliodide with olefins. The catalytic system afforded turn over frequencies 
(TOFs) in the range of 12 h-1 to 14 h-1 with high yields (91%) of cross-coupled products 
being obtained in water.122 Interestingly, this catalyst could be recycled ten times without 
significant loss in activity. 
In 2012, San Martin et al. investigated the reactivity of CNC pincer complexes, bearing 
carboxylic acid and ester functional groups, as catalyst precursors in the Mizoroki-Heck 
carbon-carbon cross-coupling reaction of aryl bromides and aryl iodides with olefins in 
water. The reactions employing 1.8 and 1.9 gave 57% and 98% yield of cross-coupled 
product, respectively (Figure 1.9). 
Figure 1.9 Palladium-based pincer complexes used in the Mizoroki-Heck carbon-carbon 
cross-coupling reaction in water.123 
Notably, the ester group in 1.8, resulted in better solubility of this complex in water and 
hence the better yield of cross-coupled product attained. The unsymmetrical pincer catalyst 
precursors 1.8 and 1.9 performed better in water in comparison to 1.10 because of the 
presence of the polar carboxylic acid and ester groups in their structures.123 
In this work, carboxylic acid groups have been incorporated in palladium pincer complexes in 
efforts to increase their solubility in water. The complexes efficacy in catalyzing Mizoroki-
Heck carbon-carbon cross-coupling reactions in water has been studied. 
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1.8 Concluding remarks 
Growing concerns about global warming and carbon emission, has led to the search for 
reliable, renewable resources that can be used to replace non-renewable fossil resources.16,124 
The transformation of hemicellulosic fraction of biomass to chemicals and fuels is considered 
as promising alternatives for the formation of transportation fuels and chemicals through the 
formation of several potential platform compounds such as furfural, which could replace the 
currently used fossil-based building blocks.48,125 Amongst the various bio-based platform 
molecules that exist, FF is proving to be very important as it is the building block to many 
valuable chemicals such as FA, MF, THF, THFA, LA and 1,4-PDO to name a few. One of 
the key reactions to unlock the value of FF is hydrogenation and very few reports are found 
in literature on the application of homogenous palladium complexes, as pre-catalysts in 
hydrogenation of FF, while no reports on platinum complexes exist, to the best of our 
knowledge. The underrepresentation of these catalytic systems which can offer milder 
reaction conditions and allow us to better understand the reaction pathways leading to 
products and by-products, motivated us to undertake this research. Furthermore, the majority 
of the reported catalytic systems are heterogeneous in nature which exhibit low selectivity for 
the desired products.126,127 Hence, there is a need for the development of homogenous 
catalysts for hydrogenation of FF, which may demonstrate better activity and selectivity. In 
this work, we investigated the application of new Pt(II) and Pd(II) complexes as catalyst 
precursors in the hydrogenation of the bio-derived molecule FF (Scheme 1.1).15,40–43 
Palladium-catalyzed Mizoroki-Heck carbon-carbon cross-coupling reaction is well 
understood in organic chemistry, while the corresponding aqueous chemistry is scarcely 
reported and investigated. In efforts to overcome the challenges associated with the use of 
organic solvents, efforts have been made to develop water-soluble complexes for application 
in Mizoroki-Heck carbon-carbon cross-coupling reactions in aqueous media. Furthermore, 
use of aqueous media in the Mizoroki-Heck carbon-carbon cross-coupling reactions has the 
ability to make it easier to recycle and recover the expensive palladium catalyst in the 
aqueous phase, thus making the reaction greener and economical. which is also another 
motivation for the work reported in this dissertation.128,129 
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1.9 Research Aims and Objectives 
1.9.1 General Aims 
The aim of this project was to synthesize and characterize new Pt(II) and Pd(II) complexes 
and evaluate their catalytic efficacy as catalyst for the hydrogenation of FF and Mizoroki-
Heck carbon-carbon cross-coupling reaction of arylhalides with olefins in aqueous media. 
1.9.2 Specific Objectives 
 To synthesize and characterize Schiff base ligand (L1) and its reduced version (L2) 
(Schemes 1.8 and 1.9). 
 
Scheme 1.8 Synthesis of the Schiff base ligand (L1).130,131 
 
Scheme 1.9 Synthesis of reduced Schiff base ligand (L2).132,133 
 To synthesize and characterize new pincer platinum and palladium complexes using 
L2 (Scheme 1.10). 
                                                                                               
Scheme 1.10 Synthesis of Pd(II) and Pt(II) complexes.134 
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 To synthesize and characterize new pincer platinum and palladium complexes using 
L1 (Scheme 1.11). 
 
 
Scheme 1.11 Synthesis of Pd(II) and Pt(II) complexes.130,135–137 
 To evaluate the complexes as pre-catalysts in the hydrogenation of furfural (Scheme 
1.12). 
 
Scheme 1.12 Direct and catalytic transfer hydrogenation of furfural. 
 To conduct in situ NMR studies of the catalytic reactions in order to gain insight into 
the mechanisms of the reactions. 
 To evaluate palladium(II) complexes (C1 and C3) as catalyst precursors for the 
Mizoroki-Heck carbon-carbon cross-coupling in aqueous media (Scheme 1.13). 
 
Scheme 1.13 The Mizoroki Heck carbon-carbon cross-coupling reaction in aqueous medium. 
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CHAPTER TWO 
Synthesis and characterization of tridentate Pt(II) and Pd(II) complexes 
2.1 Introduction 
The design of ligands in synthetic chemistry has been of attention in various applications both 
in organometallic chemistry and catalysis.1,2 A ligand can be designed to impart unique 
steroelectronic and solubility properties to the complex. Schiff base ligands are synthesized in 
a condensation reaction between an amine and a ketone or aldehyde, producing the imine 
functionality.3 These ligands possess a functional group containing a carbon-nitrogen double 
bond with the nitrogen atom linked to an alkyl or aryl group. Schiff base ligands bonding 
ability to a metal centre depends on the nature of atoms that act as coordination sites. These 
include O-, N-, C-, P- and S-donor atoms, steric factors or electronegativity, as such they 
have been widely utilized in the synthesis of coordination compounds for biological and 
catalysis applications.4 
Pt(II) and Pd(II) complexes exhibit a d8 electron configuration and square planar geometry. 
Pt(II) complexes are more reactive when substituents with a large electron density surrounds 
the metal atom, for example having an amine, imine or thiophene containing ligand around 
the metal is favourable. Pd and Pt are both considered as soft metals which are depicted in 
their rich chemistry that is not limited to soft bases. The study of Pt(II) and Pd(II) metal 
complexes was greatly improved, when it was discovered that they have good catalytic 
properties.5–7 Many efforts have been made to synthesize new Pd(II) complexes which 
showed greater catalytic activity. Although Ru(II) complexes is the best hydrogenation 
catalysts, Pd(II) complexes have also been successfully employed in hydrogenation of 
furfural.  
In this chapter, we report on the synthesis and characterization of two ligands and six new 
tridentate Pd(II) and Pt(II) complexes. These ligands and complexes have been characterized 
using nuclear magnetic resonance spectroscopy (1H NMR, 13C{1H} NMR and 31P{1H} 
NMR), Fourier-transform infrared spectroscopy, high resolution electrospray ionisation-mass 
spectrometry and elemental analysis. 
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2.2 Synthesis and characterization of ligand L1 
The ligand L1 was synthesized following a previously described literature procedure.8,9 The 
Schiff base ligand was prepared by refluxing 4-amino-3-hydroxybenzoic acid with an 
equimolar amount of 4-formyl-3-hydroxybenzoic acid (Scheme 2.1).  
 
Scheme 2.1 Synthesis of the Schiff base ligand L1.8,9 
The ligand L1 was isolated in good yield (78%) as a red solid product. The ligand is soluble 
in dimethyl sulfoxide, slightly soluble in water and insoluble in hexane, toluene, methanol, 
ethanol and THF. The ligand has been characterized using elemental analysis (C, H and N), 
1H NMR, FT-IR and 13C{1H} NMR as well as high resolution mass spectrometry. The 1H 
NMR spectrum of the compound shows a singlet peak at 9.09 ppm, which is evidence for the 
formation of the imine functionality. All the aromatic protons for the ligand L1 are observed 
in the region between 7.44 ppm and 7.79 ppm. The 1H NMR spectrum of ligand L1 is shown 
in Figure 2.1. 
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Figure 2.1 1H NMR spectrum of ligand L1 in DMSO-d6 (400 MHz). 
The COSY 2-dimensional NMR spectrum illustrates coupling of the aromatic protons (He and 
Hf). The COSY NMR spectrum confirms the observed coupling as shown in Figure 2.2. The 
phenolic protons is observed as a broad singlet peak downfield at 10.16 ppm and 13.06 ppm. 
The carboxylic proton is also observed as a singlet peak downfield at 13.45 ppm.  
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Figure 2.2 COSY 2-dimensional NMR of ligand L1 in DMSO-d6. 
The 13C{1H} NMR spectrum of the ligand L1 shows the presence of the imine carbon at δ = 
162.68 and the expected number of carbon signals. The HSQC spectrum was also used to 
confirm the assignment of the carbon in the 13C{1H} NMR spectrum of the ligand. The 
infrared spectrum of ligand L1 shows an intense stretching vibration characteristic of the 
imine at ν(C=N str.) 1681 cm-1 which further confirms that the reaction was successful. The 
high resolution ESI-MS spectrum shows the molecular ion peak for the ligand at m/z = 
302.1038 for [M+H]+. The results from the elemental analysis of ligand L1 were found to be 
within acceptable limits of the calculated value. 
2.3 Synthesis and characterization of ligand L2 
Ligand L2 was synthesized by reducing the imine ligand L1 using sodium borohydride in dry 
methanol (Scheme 2.2).10 This ligand was isolated in good yield (71%) as an orange solid and 
was found to be soluble in methanol, ethyl acetate and ethanol. It is slightly soluble in 
dimethyl sulfoxide, THF and insoluble in hexane, toluene, DCM, chloroform and diethyl 
ether. Notably, L2 displays good water-solubility at room temperature, (0.16 mg/ml). 
He , Hf
a-e f 
 
  DMSO-d6  g 
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Scheme 2.2 Synthesis of the ligand L2. 
The 1H NMR spectrum of ligand L2 shows the presence of the CH2 protons which appear as 
a singlet peak at 4.25 ppm integrating for two protons. The 1H NMR spectrum of the ligand is 
shown in Figure 2.3. 
 
 
 
 
 
 
 
Figure 2.3 1H NMR spectrum of ligand L2 in D2O (400 MHz). 
All the aromatic protons for the ligand were observed in the region between 7.17 ppm and 
6.54 ppm. The OH protons not visible due to H-D exchange with D2O solvent. The HSQC 2-
dimensional NMR spectrum was also used to confirm the assignment of the carbons in the 
13C{1H} NMR spectrum of the ligand (Figure 2.4). The HSQC NMR spectrum shows the 
CH2 carbon, which appear upfield at δ = 42.49. 
D2O 
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Figure 2.4 1H -1H HSQC 2-dimensional NMR of ligand L2 in D2O. 
The 13C{1H} NMR spectrum of the ligand L2 shows the expected number of carbon signals. 
The disappearance of the imine carbon peak which was at δ = 162.68 in the spectrum of the 
imine containing ligand L1 also confirms that the reaction was successful. The peaks of the 
aromatic ring carbons for the ligand appear between 111.11 ppm and 154.91 ppm. The 
13C{1H} NMR spectrum of the ligand is shown in Figure 2.5. 
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Figure 2.5 13C{1H} NMR spectrum of ligand L2 in D2O (100 MHz). 
The infrared spectrum of ligand L2, a broad absorption band observed corresponding to ν(N-
H str.) at 3032 cm-1, while a disappearance of the intense stretching vibration of the imine 
functionality at ν(C=N str.) 1681 cm-1 was seen. This further confirms that the reduction from 
an imine to amine was successful. The high resolution ESI-MS spectrum of ligand L2 shows 
a peak at m/z = 304.0808 with 100% abundance for [M+H]+. Figure 2.6 shows the mass 
spectrum of the ligand L2 recorded in a positive ion-mode. 
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Figure 2.6 High resolution electrospray ionisation-mass spectrum for ligand L2. 
2.4 Synthesis and characterization of water-soluble Pd(II) and Pt(II) complexes C1, C2 
and C3 
The water-soluble Pd(II) and Pt(II) complexes C1, C2 and C3 were synthesized by dissolving 
ligand L2 in a minimum amount of methanol. Deprotonation of the phenolic proton was 
performed using an equimolar amount of 0.1 M KOH.8 The Pd(II)/Pt(II) precursor 
complexes[PdCl2(PR3)2]/[PtCl2(PR3)2] dissolved in DCM was added to the ligand solution 
and stirred at room temperature for 48 hours (Scheme 2.3). Several attempts to prepare the 
Pt(II) of C3 failed. 
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Scheme 2.3 Synthesis of complexes C1, C2 and C3. 
The complex C1 was isolated as an orange solid in good yield (73%). The complex C1 is 
soluble in water (1.5 mg/ml – 1.6 mg/ml), methanol and dimethyl sulfoxide, partially soluble 
in DCM and chloroform and insoluble in hexane, toluene and diethyl ether. The complex C2 
was isolated as a brown solid in good yield (81%). It is soluble in water (2.0 mg/ml – 2.1 
mg/ml), methanol, slightly soluble in dimethyl sulfoxide, ethanol and insoluble in hexane, 
DCM, toluene, chloroform, diethyl ether and ethyl acetate. The complex C3 was obtained as 
an orange-brown solid in good yield (74%). The complex is soluble in water, methanol and 
ethanol, slightly soluble in dimethyl sulfoxide and insoluble in hexane, toluene, DCM, 
chloroform and diethyl ether. Complex C3 displays good water-solubility at room 
temperature, (0.21 mg/ml). Complexes C1, C2 and C3 have been characterized using FT-IR, 
31P{1H} NMR, 1H NMR, 13C{1H} NMR spectroscopy and elemental analysis as well as high 
resolution mass spectrometry. The 1H NMR spectra of the water-soluble complexes C1 and 
C3 show a signal for the amine proton as a broad singlet at 5.37 ppm and 5.73 ppm, 
respectively. The signal of the amine protons in the 1H NMR spectra of the complexes shifted 
downfield from that of the free ligand, indicating that amine nitrogen is coordinated to the 
metal centre. The 1H NMR spectrum of complex C1 is shown in Figure 2.7. 
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Figure 2.7 1H NMR spectrum of complex C1 in DMSO-d6 (400 MHz). 
The 1H NMR spectrum of complexes C1 and C2 shows the splitting of the CH2 protons 
adjacent to the phosphorus atom in the region between 2.20 ppm - 2.05 ppm integrating for 2 
protons. This is evidence of coordination of ligand L2 to the Pd/Pt centre since this splitting 
was not observed in the free ligand. This could be because of their diastereotopic nature upon 
coordination of L2 to the Pd/Pt metal centre. This phenomenon has been previously observed 
in Ru metal complexes.11 All the aromatic protons for complexes C1, C2 and C3 are 
observed in a region between 7.95 ppm and 6.32 ppm. The 1H NMR spectrum of complex C3 
is shown in Figure 2.8. 
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Figure 2.8 1H NMR spectrum of complex C3 in DMSO-d6 (400 MHz). 
COSY2-dimensional NMR spectra was used to further confirm the assignment of protons in 
the 1H NMR spectra of complexes C1, C2 and C3. Assignment of carbons in complexes C1, 
C2 and C3 was done using HSQC 2-dimensional NMR and 13C{1H} NMR spectroscopy. All 
the proton-proton coupling and carbon atoms signals are assigned accordingly on the spectra. 
The resonance of the aromatic ring carbons for the complexes C1, C2 and C3 appear between 
108.50 ppm to 175.92 ppm. The 13C{1H} NMR spectra of the complexes C1 and C2 show 
that the CH2 carbons are de-shielded upon complexation when compared to the metal 
precursors, which is further evidence for the formation of coordination of the amine nitrogen 
to the palladium/platinum centre. The COSY 2-dimensional NMR spectrum of complex C2 
shows coupling of the alkyl chain protons (Ha and Hb) as well as coupling of the aromatic 
protons similar to the observation for ligand L2 (Figure 2.9). 
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Figure 2.9 COSY 2-dimensional NMR spectrum of complex C2 in DMSO-d6. 
The 31P{H} NMR spectra of the two palladium complexes C1 and C3 distinctly showed a 
singlet at 36.39 ppm and 26.15 ppm, respectively. These peaks shifted from 16.80 ppm and 
23.95 ppm in the metal precursors, respectively. This is further evidence that the phosphorus 
atom was coordinated to the palladium. The 31P{1H} NMR spectra of complex C1 and its 
precursor complex is shown in Figure 2.10.   
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Figure 2.10 31P{1H} NMR spectra of (a) complex C1 and (b) palladium complex. 
The 31P{1H} NMR spectrum of the complex C2, distinctly show a singlet peak at 4.97 ppm 
with 195Pt satellites and a 1JPt-P coupling of 3786 Hz, which confirms that only one 
phosphorus atom is coordinated to the platinum centre.12,13 This peak shifted upfield in 
comparison to the same signal in the precursor complex, which further confirms that the 
phosphorus atom is coordinated to the Pt centre. Infrared spectroscopy was used to further as 
certain the mode of coordination of the ligand to the Pd centre. The infrared spectra of the 
complexes C1, C2 and C3 show the presence of the NH functionality which appears at lower 
stretching frequencies (3017 cm-1, 3026 cm-1 and 3016 cm-1) when compared to the free 
ligand. The high resolution electrospray ionisation mass spectra of the complexes were 
recorded in either the positive ion mode or the negative ion mode. Peaks at m/z = 686.0765 
for [M +Na-2H]-, 753.1075 for [M - H]- and 732.0968 for [M + NH4]
+ for complexes C1, C2 
and C3 were observed, respectively. The high resolution ESI-MS spectrum of complex C2 is 
shown in Figure 2.11. 
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Figure 2.11 High resolution electrospray ionisation-mass spectrum for complex C2. 
The elemental analyses of the three complexes C1, C2 and C3 were calculated and found to 
be within acceptable limits of the calculated value. 
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2.5 Synthesis and characterization of Pd(II) complexes C4, C5 and C6 
The Pd(II) complexes C4, C5 and C6 were synthesized by dissolving ligand L1 in a 
minimum amount of methanol. Deprotonation of the phenolic proton was performed using an 
equimolar amount of KOH.8 The Pd(II)/Pt(II) metal precursors [PdCl2(PR3)2]/[PtCl2(PR3)2] 
dissolved in DCM was added to the ligand and stirred at room temperature for 24 hours 
(Scheme 2.4).  
 
Scheme 2.4 Synthesis of complexes C4, C5 and C6. 
The complex C4 was obtained as an orange solid in good yield (75%). The complex is 
soluble in water (2.3 mg/ml – 2.5 mg/ml) and methanol, slightly soluble in dimethyl 
sulfoxide, partially soluble in acetone and ethanol and insoluble in DCM, chloroform, 
hexane, ethyl acetate, toluene and diethyl ether. Coordination to the platinum metal occurs in 
a tridentate chelating manner to form OᶺNᶺO system complex C5. The complex was isolated 
as a yellow solid in an excellent yield (82%). The complex was found to be soluble in 
methanol, slightly soluble in dimethyl sulfoxide, water, ethanol, partially soluble in acetone 
and insoluble in DCM, chloroform, hexane, ethyl acetate, toluene and diethyl ether. The 
complex C6 was isolated as a yellow solid in good yield (81%). It is soluble in water (0.3 
mg/ml - 0.5 mg/ml) and dimethyl sulfoxide, slightly soluble in methanol, partially soluble in 
ethanol and insoluble in hexane, acetone, toluene, DCM, diethyl ether and chloroform. 
Complexes C4, C5 and C6 have been characterized using various spectroscopic and 
analytical techniques. The 1H NMR spectra of the complexes C4, C5 and C6 shows a signal 
45 
 
for the imine proton as a singlet peak at 9.00 ppm, 8.99 ppm and 9.06 ppm, respectively. This 
signal shifted upfield when compared to the free ligand, indicating that imine nitrogen is 
coordinated to the Pd/Pt centre. The 1H NMR spectrum of complex C4 is shown in Figure 
2.12. 
 
 
 
 
 
 
 
Figure 2.12 1H NMR spectrum of complex C4 in DMSO-d6 (400 MHz). 
All the aromatic protons for complexes C4, C5 and C6 are observed in region between 8.13 
ppm and 7.07 ppm. The CH2 protons of complexes C4 and C5 adjacent to the phosphorus 
atom appear in the region between 2.18 ppm - 2.02 ppm and integrate for two protons. The 
1H NMR spectrum of complex C5 is shown in Figure 2.13. 
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Figure 2.13 1H NMR spectrum of complex C5 in DMSO-d6 (400 MHz). 
The 31P{H} NMR spectra of the two palladium complexes C4 and C6 distinctly show 
singlets at 36.35 ppm and 21.78 ppm respectively, having shifted from 16.80 ppm and 23.95 
ppm in the precursor complexes, respectively. This is further evidence that the phosphorus 
atom is coordinated to the palladium centre. The 31P{1H} NMR spectra of complex C6 and 
the free palladium precursor complex are shown in Figure 2.14. 
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Figure 2.14 31P{1H} NMR spectra of (a) complex C6 and (b) precursor palladium complex. 
The 31P{1H} NMR spectrum of the complex, distinctly shows a singlet peak at 5.06 ppm with 
31P{1H} coupling to 195Pt (1JPt-P = 3781 Hz) observed.
14,15 The 31P{1H} NMR spectra of 
complex C5 and the platinum  precursor complex are shown in Figure 2.15. 
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Figure 2.15 31P{1H} NMR spectra of (a) complex C5 and (b) free Pt precursor complex. 
The 13C{1H} NMR spectra of the complexes C4, C5 and C6 shows the expected number of 
carbon signals. All the proton-proton coupling and carbon atoms are assigned accordingly by 
the spectra. The IR spectra of the complexes C4, C5 and C6 displays a characteristic imine 
absorption band to lower wavelengths at ν(C=N str.) 1658 cm-1, 1622 cm-1and 1679 cm-1 
compared to that of free ligand at ν(C=N str.) 1681 cm-1. This shift to the lower wavenumber 
is due to the synergic effect. This may be as a result of the lone pair of electrons of the imine 
nitrogen being donated to the empty orbitals of the metal and subsequent back-donation of 
the electrons from the Pd metal as a result, the Pd-N strength of the imine bond weakens thus 
decreasing the frequency of the C=N band.16 This also further confirms the coordination of 
the imine nitrogen to the metal centre. The FT-IR spectrum of complex C6 is shown in 
Figure 2.16.  
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Figure 2.16 The FT-IR spectrum of complex C6. 
The high resolution electrospray ionisation mass spectra of the complexes were recorded in 
either the positive ion mode or the negative ion mode. Peaks at m/z = 662.0447 for [M - H]-, 
750.0836 for [M - H]- and 710.0184 for [M - H]- for complexes C4, C5 and C6 were 
observed, respectively. Figure 2.17 shows the mass spectrum of complex C6. 
 
 
 
 
Figure 2.17 High resolution electrospray ionisation-mass spectrum of complex C6. 
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2.6 Conclusion 
Two ligands and series of novel tridentate Pt(II) and Pd(II) complexes were synthesized and 
characterized using spectroscopic and analytic techniques, namely FT-IR, 31P{1H} NMR, 1H 
NMR, 13C{1H} NMR spectroscopy, high resolution ESI mass spectrometry and elemental 
analysis. These complexes will be evaluated as catalyst precursors in the hydrogenation of 
furfural, the results of which are discussed in Chapter 3. Complexes C1 and C3 have also 
been evaluated as catalyst precursors in the Mizoroki-Heck carbon-carbon cross coupling 
reactions, the results of which are discussed in Chapter 4. 
2.7 Experimental section 
2.7.1 Materials and instrumentation 
All reactions were carried out under inert conditions unless otherwise stated. 4-formyl-3-
hydroxybenzoic acid, 4-(diphenylphosphino)benzoic acid, sodium borohydride(NaBH4), 
potassium hydroxide, tin(II) chloride, 3-(diphenylphosphino)propionic acid, and 4-amino-3-
hydroxybenzoic acid were purchased from Sigma-Aldrich and were all used as received. 
Palladium chloride and potassium tetrachloroplatinate were also purchased from Heraeus 
South Africa and used as received. The organic solvents such as ethanol (EtOH), 
dichloromethane (DCM), 2-propanol, 1,5-cyclooctadiene, hexane, acetone, diethyl ether, 
ethyl acetate, acetonitrile and methanol were also purchased from Sigma-Aldrich and used as 
received. The metal precursors were prepared as described in the literature.17,18 Nuclear 
magnetic resonance (NMR) spectra were recorded on a Bruker Ultrashield-400 MHz 
spectrometer (1H: 400 MHz, 13C{1H}: 100 MHz, 31P{1H}: 162 MHz) in dimethylsulfoxide, 
chloroform or deuterium oxide solutions using tetramethylsilane as an internal standard (δ  = 
0 ppm). All chemical shifts are reported in ppm using TMS as a reference. The functional 
groups of the ligands, metal precursors and complexes were confirmed using Infrared 
spectroscopy which were recorded using a IR-Affinity-1S FTIR Spectrophotometer or 
ThermoNicolet FTIR instrument fitted with an ATR probe. Melting points were determined 
using a Bủchi melting point apparatus B-540. Mass spectrometry was carried out on a Water 
Synapt G2 electron spray ionisation-mass spectrometer in the negative or positive-ion mode. 
Elemental analyses were carried out using a Thermo Scientific Flash 2000 Series CHNS-O 
Analyser.  
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2.8 Synthesis and characterization of ligands 
2.8.1 Synthesis of (E)-4-(4-carboxy-2-hydroxybenzylidene)amino-3-hydroxybenzoic acid 
(L1). 
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(E)-4-(4-carboxy-2-hydroxybenzylidene)amino-3-hydroxybenzoic acid was prepared in a 
condensation reaction between 4-formyl-3-hydroxybenzoic acid (0.401 g, 2.41 mmol) and 4-
amino-3-hydroxybenzoic acid (0.396 g, 2.41 mmol) in ethanol (60 mL) and the mixture was 
refluxed for 10 hours.8,9,19 The resultant hot reaction mixture was filtered by vacuum, the 
solid collected was washed several times with hot ethanol and then dried under vacuum 
overnight to afford a red solid product (L1). Yield: (0.570 g, 78%). Mp ⸫ decomposes 
without melting, onset occurs at 213 ⁰C. 1H NMR (400 MHz, DMSO-d6):(δ, ppm) 7.44 - 7.55 
(m, 5H, Ha-e), 7.78 (d, 
3JH-H = 8.0 Hz, 1H, Hf), 9.09 (s, 1H, N=CHimine, Hg), 10.16 (s, 1H, OH, 
Hh), 13.06 (s, 1H, OH, Hi), 13.45 (s, 2H, COOH, Hj). 
13C{1H} NMR (100 MHz, DMSO-
d6):(δ, ppm) 167.23, 167.06, 162.68, 160.61, 151.32, 139.21, 135.00, 132.67, 130.64, 123.13, 
121.28, 120.25, 119.81, 117.80, 117.62. FT-IR (ѵmax: cm
-1): at ѵ = 1681 cm-1 (C=N str.). 
Elemental Analysis (%): Calculated for C15H11NO6: C, 59.80; H, 3.68; N, 4.65, Found: C 
59.84; H, 3.76; N, 4.71. High resolution ESI-MS (positive): m/z = 302.1038 for [M+H]+.  
2.8.2 Synthesis of 4-(4-carboxy-2-hydroxybenzyl)amino)-3-hydroxybenzoic acid (L2) 
 
4-(4-carboxy-2-hydroxybenzyl)amino)-3-hydroxybenzoic acid was synthesized by reacting 
the Schiff base ligand L1 (0.150 g, 0.498 mmol) and sodium borohydride (0.024 g, 0.647 
mmol) by stirring in methanol (30 mL) for 48 hours. The reaction mixture was quenched with 
ice water (30 mL) and the secondary amine was extracted using ethyl acetate. The solvent 
was removed under reduced pressure to afford an orange solid which was dried under 
vacuum. Yield: (0.106 g, 71%). Mp: decomposes without melting, onset occurs at 152 ⁰C. 1H 
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NMR(400 MHz, D2O):(δ, ppm) 4.25 (s, 2H, Ha), 6.55 (d, 
3JH-H = 8.0 Hz, 1H, Hb), 7.10 - 7.17 
(m, 5H, Hc-g). 
13C{1H} NMR (100 MHz, D2O):(δ, ppm) 175.69, 175.27, 154.91, 144.25, 
140.34, 136.51, 128.88, 128.36, 125.39, 122.26, 120.16, 116.13, 115.32, 111.11, 42.49. FT-
IR (ѵmax: cm
-1): at ѵ = 3032 cm-1 (NH, broad). Elemental Analysis (%): Calculated for 
C15H13NO6.7H2O: C, 41.96; H, 6.34; N, 3.26; Found: C 41.42; H, 6.43; N, 3.17. High 
resolution ESI-MS (positive): m/z = 304.0808 for [M+H]+. S20⁰C = 0.16 mg/ml in water. 
2.9 Synthesis of Pd(II) and Pt(II) complexes 
2.9.1 Synthesis of Pd(II) complex (C1) 
 
Ligand L2 (0.200 g, 0.660 mmol) was dissolved in dry methanol (20 mL) and 0.66 mL of 0.1 
M KOH was added to the solution. This was left to stir at room temperature for 4 hours under 
argon. To this was added Pd(II) precursor complex (0.222 g, 0.330 mmol) dissolved in 10 mL 
of dichloromethane. The reaction was left to stir at room temperature for 48 hours. The 
reaction mixture was filtered by gravity and then the solvent was reduced under pressure to 
approximately 5 mL. Diethyl ether (20 mL) was added to precipitate a yellow solid, which 
was collected using a Büchner funnel. This was washed with diethyl ether and dried under 
vacuum to afford the product as a yellow solid. Yield: (0.149 g, 75%). Mp: decomposes 
without melting, onset occurs at 191 ⁰C. 1H NMR (400 MHz, DMSO-d6): (δ, ppm) 2.05 - 
2.15 (m, 2H, CH2, Ha), 2.77 - 2.83 (m, 2H, CH2, Hb), 4.23 (d, 
3JH-H = 6.8 Hz, 2H, Hc), 5.37 (s, 
NH, 1H, Hd), 6.33 (d, 
3JH-H = 8.0 Hz, 1H, Hphenyl), 7.02 (d, 
3JH-H = 7.2 Hz, 1H, Hphenyl), 7.21 
(t, 2H, Hphenyl), 7.27 - 7.30 (m, 5H, Hphenyl), 7.41 - 7.48 (m, 7H, Hphenyl). 
13C{1H} NMR (100 
MHz, DMSO-d6):(δ, ppm) 175.92, 170.71, 169.61, 155.06, 143.74, 141.15, 137.08, 134.50, 
133.39, 131.85, 130.86, 129.04, 127.40, 126.28, 122.57, 120.05, 116.57, 114.65, 108.46, 
48.92, 31.52, 29.23. 31P{1H} NMR (162 MHz, DMSO-d6): δ = 36.39 ppm. FT-IR (ѵmax: cm
-
1): at ѵ = 3017 cm-1(NH, band). Elemental Analysis (%): Calculated for C30H26NO8PPd, C, 
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54.11%, H, 3.94%, N, 2.10%, Found C, 54.29%, H, 3.97%, N, 2.14%. High resolution ESI-
MS (negative): m/z = 686.0765 for [M+Na-2H]-. S20⁰C = 1.5 mg/ml in water.   
2.9.2 Synthesis of Pt(II) complex (C2) 
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Complex C2 was prepared by dissolving ligand L2 (0.130 g, 0.429 mmol) in dry methanol 
(20 mL) and 0.66 mL of 0.1 M KOH was added to the solution. This was left to stir at room 
temperature for 4 hours under argon. The Pt(II) precursor complex (0.168 g, 0.214 mmol) 
dissolved in DCM was added dropwise to the stirring ligand. The reaction was left to stir at 
room temperature for 48 hours. The reaction mixture was filtered by gravity and then the 
solvent was reduced under pressure to approximately 5 mL. Diethyl ether (20 mL) was added 
to precipitate a brown solid, which was collected using a Büchner funnel. This was washed 
with diethyl ether and dried under vacuum to afford the product as a brown solid. Yield: 
(0.105 g, 81%). Mp ⸫ decomposes without melting, onset occurs at 187 ⁰C. 1H NMR (400 
MHz, DMSO-d6): (δ, ppm) 2.10 - 2.20 (m, 2H, CH2, Ha), 2.75 - 2.81 (s, 2H, CH2, Hb), 4.23 
(d, 3JH-H  = 4.0 Hz, 2H, Hc), 5.30 (s, NH, 1H, Hd), 6.34 (d, 
3JH-H = 8.0 Hz, 1H, Hphenyl), 7.02 
(d, 3JH-H = 8.0 Hz, 1H, Hphenyl), 7.21 (t, 2H, Hphenyl), 7.26 - 7.30 (m, 5H, Hphenyl), 7.41 - 7.45 
(m, 7H, Hphenyl). 
13C{1H} NMR (100 MHz, DMSO-d6):(δ, ppm) 172.21, 171.01, 160.82, 
154.93, 143.54, 140.04, 139.64, 133.99, 132.33, 128.81, 127.34, 126.95, 125.18, 124.49, 
122.10, 120.01, 116.61, 115.09, 108.50, 49.05, 32.22, 25.65. 31P{1H} NMR (162 MHz, 
DMSO-d6): δ = 4.97 ppm (
1JPt-P = 3786 Hz). FT-IR (ѵmax: cm
-1): at ѵ = 3026 cm-1 (NH 
broad). Elemental Analysis (%): Calculated for C30H26NO8PPt: C, 47.75; H, 3.47; N, 1.86; 
Found: C, 47.63; H, 3.44; N, 1.82. High resolution ESI-MS (negative): m/z = 753.1075 for 
[M - H]-. S20⁰C = 2.0 mg/ml in water. 
54 
 
2.9.3 Synthesis of Pd(II) complex (C3) 
 
Ligand L2 (0.100 g, 0.330 mmol) was dissolved in 20 mL of methanol and to this was added 
(0.66 mL) 0.1 M KOH. This was left to stir at room temperature for 4 hours under argon. The 
Pd(II) precursor complex (0.130 g, 0.165 mmol) dissolved in DCM was added dropwise to 
the stirring ligand. The reaction was left to stir at room temperature for 48 hours. The reaction 
mixture was filtered under vacuum using a Büchner funnel and the solid recovered was 
washed with acetone, dichloromethane, diethyl ether and hexane. The orange-brown solid 
was dried under vacuum to afford the desired product. Yield: (0.074 g, 74%). Mp: 
decomposes without melting, onset occurs at 256 ⁰C. 1H NMR (400 MHz, DMSO-d6):(δ, 
ppm)  4.27 (d, 3JH-H = 4.0 Hz, 2H, Ha), 5.73 (s, NH, 1H, Hb), 6.37 (d, 
3JH-H = 8.0 Hz, 1H, 
Hphenyl), 7.24 - 7.39 (t, 1H, Hphenyl), 7.47 - 7.50 (m, 2H, Hphenyl), 7.53 (s, 1H, Hphenyl), 7.54 - 
7.57 (m, 12H, Hphenyl), 7.61 (t, 1H, Hphenyl), 7.92 - 7.95 (m, 2H, Hphenyl). 
13C{1H} NMR (100 
MHz, DMSO-d6):(δ, ppm) 170.47, 169.45, 169.30, 155.03, 143.74, 141.48, 138.40, 134.56, 
133.60, 132.46, 131.26, 129.55, 129.45, 129.24, 128.34, 127.53, 122.78, 122.19, 120.19, 
116.94, 116.55, 114.62, 108.56, 49.05. 31P{1H} NMR (162 MHz, DMSO-d6): δ = 26.15 ppm. 
FT-IR (ѵmax: cm
-1): at ѵ = 3016 cm-1 (NH, broad). Elemental Analysis (%): Calculated for 
C34H26NO8PPd: C, 57.20%, H, 3.67%, N, 1.96%, Found C, 57.35%, H, 3.69%, N, 1.99%. 
High resolution ESI-MS (positive): m/z = 732.0968 for [M+NH4]
+.  S20⁰C = 0.21 mg/ml in 
water. 
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2.9.4 Synthesis of Pd(II) complex (C4) 
 
Ligand L1 (0.100 g, 0.332 mmol) was dissolved in dry methanol (20 mL) and (0.037 g, 0.664 
mmol) of KOH was added to the solution. This was left to stir at room temperature for 30 
minutes under argon. To this was added Pd(II) metal precursor (0.115 g, 0.166 mmol) 
dissolved in 10 mL of dichloromethane. The reaction was left to stir at room temperature for 
24 hours. The reaction mixture was filtered under vacuum using a Büchner funnel and the 
solid recovered was washed with dichloromethane, diethyl ether and hexane and dried under 
vacuum to afford the product as a yellow solid. Yield: (0.149 g, 75%). Mp: decomposes 
without melting, onset occurs at 191 ⁰C. 1H NMR (400 MHz, DMSO-d6): (δ, ppm) 2.07 - 
2.15 (m, 2H, CH2, Ha), 2.76 - 2.82 (m, 2H, CH2, Hb), 7.27 - 7.31 (m, 4H, Hphenyl), 7.34 - 7.49 
(m, 10H, Hphenyl), 7.56 - 7.59 (m, 2H, Hphenyl), 9.00 (s, 1H, N=CHimine, Hc). 
13C{1H} NMR 
(100 MHz, DMSO-d6): (δ, ppm) 172.84, 168.61, 168.40, 162.30, 160.84, 151.65, 142.41, 
138.12, 134.04, 133.60, 132.56, 130.96, 129.23, 126.04, 120.92, 119.97, 117.77, 112.87, 
53.73, 32.27, 26.30. 31P{1H} NMR (162 MHz, DMSO-d6): δ = 36.35 ppm. FT-IR (ѵmax: cm
-
1): at ѵ = 1668 cm-1 (C=N str.). Elemental Analysis (%): Calculated for C30H24NO8PPd: C, 
54.27; H, 3.64; N, 2.11; Found: C, 54.24; H, 3.61; N, 2.06. High resolution ESI-MS 
(negative): m/z = 662.0447 for [M - H]-. S20⁰C = 2.3 mg/ml in water. 
2.9.5 Synthesis of Pt(II) complex (C5) 
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Ligand L1 (0.150 g, 0.498 mmol) was dissolved in dry methanol (20 mL) and (0.056 g, 0.996 
mmol) of KOH was added to the solution. This was left to stir at room temperature for 30 
minutes under argon. To this was added Pt(II) metal precursor (0.173 g, 0.249 mmol) 
dissolved in 10 mL of dichloromethane. The reaction was left to stir at room temperature for 
24 hours. The reaction mixture was filtered under vacuum using a Büchner funnel and the 
solid recovered was washed with dichloromethane, diethyl ether and hexane and dried under 
vacuum to afford the product as a yellow solid. Yield: (0.205 g, 82%). Mp ⸫ decomposes 
without melting, onset occurs at 203 - 205 ⁰C. 1H NMR (400 MHz, DMSO-d6): (δ, ppm) 2.12 
- 2.18 (m, 2H, CH2,Ha), 2.76 - 2.78 (m, 2H, CH2, Hb), 7.26 - 7.30 (m, 4H, Hphenyl), 7.33 - 
7.37 (m, 2H, Hphenyl), 7.41 - 7.45 (m, 8H, Hphenyl), 7.55 - 7.57 (m, 2H, Hphenyl), 8.99 (s, 1H, 
N=CHimine, Hc), 13.51 (s, 2H, COOH). 
13C{1H} NMR (100 MHz, DMSO-d6): (δ, ppm) 
172.05, 169.21, 168.06, 162.33, 151.15, 143.55, 137.87, 133.99, 132.20, 131.64, 128.86, 
125.72, 125.17, 122.78, 120.96, 119.92, 117.74, 115.48, 112.81, 32.18, 25.81. 31P{1H} NMR 
(162 MHz, DMSO-d6): δ = 5.06 ppm (
1JPt-P = 3781 Hz). FT-IR (ѵmax: cm
-1): at ѵ = 1622 cm-1 
(C=N str.). Elemental Analysis (%): Calculated for C30H24NO8PPt: C, 47.88; H, 3.21; N, 
1.86; Found: C, 47.73; H, 3.16; N, 1.81. High resolution ESI-MS (negative): m/z = 
750.0836 for [M - H]-. S20⁰C = 2.8 mg/ml in water. 
2.9.6 Synthesis of Pd(II) complex (C6) 
 
(E)-4-(4-carboxy-2-hydroxybenzylidene)amino-3-hydroxybenzoic acid (0.100 g, 0.332 
mmol) was  dissolved in dry methanol (20 ml) under argon. (0.037 g, 0.664 mmol) of KOH 
was added to the solution. This was left to stir at room temperature for 30 minutes at room 
temperature. The Pd(II) precursor complex (0.130 g, 0.165 mmol) dissolved in DCM was 
added dropwise to the stirring ligand. The reaction was left to stir at room temperature for 24 
hours. The resultant suspension was filtered using a Büchner funnel and the solid collected 
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was washed with diethyl ether and hexane and then dried under vacuum overnight to afford a 
yellow solid. Yield: (0.087 g, 87%). Mp ⸫ decomposes without melting, onset occurs at 223 
– 225 ⁰C. 1H NMR (400 MHz, DMSO-d6):(δ, ppm) 7.09 (s, 1H, Hphenyl), 7.20 - 7.25 (m, 2H, 
Hphenyl), 7.38 - 7.48 (m, 3H, Hphenyl), 7.65 - 7.70 (m, 6H, Hphenyl), 7.71 - 7.75 (m, 4H, 
Hphenyl), 7.80 (d, 
3JH-H = 8 Hz, 1H, Hphenyl), 8.05 (d, 
3JH-H  = 8.0 Hz, 1H, Hphenyl), 8.12 (d, 
3JH-H 
= 8 Hz, 1H, Hphenyl), 9.06 (s, 1H, N=CHimine, Ha), 9.27 - 9.30 (m, 1H, Hphenyl). 
13C{1H} NMR 
(100 MHz, DMSO-d6):(δ, ppm) 167.96, 167.74, 167.40, 162.63, 160.75, 151.52, 150.49, 
143.35, 141.75, 138.95, 135.53, 134.58, 132.37, 129.32, 128.15, 123.36, 121.20, 120.02, 
117.80, 116.60, 115.52, 112.93, 80.38. 31P{1H} NMR (162 MHz, DMSO-d6): δ = 21.78 ppm. 
FT-IR (ѵmax: cm
-1): at ѵ = 1679 cm-1 (C=N str.). Elemental Analysis (%): Calculated for 
C34H26NO8PPd: C, 57.20; H, 3.67; N, 1.96; Found: C, 57.09; H, 3.64; N, 1.89. High 
resolution ESI-MS (negative): m/z = 710.0184 for [M - H]-. S20⁰C = 0.3 mg/ml in water. 
2.10 References 
1 V. Arumugam, W. Kaminsky and D. Nallasamy, RSC Adv., 2015, 5, 77948–77957. 
2 L. C. Matsinha, J. Mao, S. F. Mapolie and G. S. Smith, Eur. J. Org. Chem., 2015, 24, 
4088–4094. 
3 M. Shabbir, Z. Akhter, I. Ahmad, S. Ahmed, M. Shafiq, B. Mirza, V. McKee, K. S. 
Munawar and A. R. Ashraf, J. Mol. Struct., 2016, 1118, 250–258. 
4 C. R. Bhattacharjee, P. Goswami, H. A. R. Pramanik, P. C. Paul and P. Mondal, 
Spectrochimi. Acta - Part A Mol. Biomol. Spectrosc., 2011, 78, 1408–1415. 
5 A. O’Driscoll, J. Leahy and T. Curtin, Catal. Today., 2017, 279, 194–201. 
6 K. Gupta, D. Tyagi, A. D. Dwivedi, S. M. Mobin and S. K. Singh, Green Chem., 2015, 
17, 4618–4627. 
7 V. Arumugam, W. Kaminsky, N. S. P. Bhuvanesh and D. Nallasamy, RSC Adv., 2015, 
5, 59428–59436. 
8 P. Sathyadevi, P. Krishnamoorthy, R. R. Butorac, A. H. Cowley, N. S. P. Bhuvanesh 
and N. Dharmaraj, Dalt. Trans., 2011, 40, 9690–702. 
9 A. Vignesh, N. S. P. Bhuvanesh and N. Dharmaraj, J. Org. Chem., 2016, 2, 887–892. 
10 R. K. Rath, M. Nethaji and A. R. Chakravarty, Polyhedron., 2001, 20, 2735–2739. 
58 
 
11 P. Govender, A. K. Renfrew, C. M. Clavel, P. J. Dyson and G. S. Smith, Dalt. Trans., 
2011, 40, 1158–1167. 
12 T. Stringer, D. T. Hendricks, H. Guzgay and G. S. Smith, Polyhedron., 2012, 31, 486–
493. 
13 I. Maulana, L. Peter and E. Hey-hawkins, Inorg. Chem., 2009, 11, 8638–8645. 
14 H. Chiririwa, J. R. Moss, D. Hendricks, G. S. Smith and R. Meijboom, Polyhedron., 
2013, 49, 29–35. 
15 R. S. Paonessa, A. L. Prignano and W. C. Trogler, J. Organomet. Chem., 1985, 4, 
647–657. 
16 L. C. Matsinha, S. F. Mapolie and G. S. Smith, Dalt. Trans., 2014, 44, 1240–1248. 
17 F. Wen and B. Helmut, J. Appl. Organomet. Chem., 2005, 19, 94–97. 
18 A. Tayim, H, A. Bouldoukian and F. Awad, J. Inorg. Nucl. Chem., 1970, 32, 3799–
3803. 
19 A. Syamal and M. R. Maurya, Transit. Met. Chem., 1986, 11, 255–258. 
 
 
 
 
 
 
 
 
 
59 
 
CHAPTER THREE 
Catalytic evaluation of Pd(II) and Pt(II) complexes in  the hydrogenation of 
furfural 
3.1 Introduction 
The hydrogenation of furfural (FF) is an important reaction in the chemical industry for the 
synthesis of furfuryl alcohol (FA).1,2 FA is often utilized in the production of 
tetrahydrofurfuryl alcohol (THFA), vitamin C, lubricants, resins, agrochemicals as well as in 
drug synthesis.3 It is currently manufactured industrially by the hydrogenation of FF over 
copper chromite is well known to be environmentally toxic.4,5 Hence several attempts have 
been made to introduce an environmentally benign alternative that will result in high 
selectivity to FA.6 
The reaction can be carried out in the presence of either homogenous or heterogeneous 
catalysts. Several reports on the hydrogenation of FF to FA over various heterogeneous metal 
catalysts such as Ru, Ir, Pt, Cu and Pd noble metals have been reported in literature.7–10 
Transition metal-based homogenous catalyst systems that have been reported in literature for 
the hydrogenation of FF to FA, exhibit significantly higher activity and selectivity under 
milder conditions as compared to heterogeneous catalysts.11–13 Only a few reports exist on the 
use of homogeneous palladium catalysts for the hydrogenation of FF to FA using both 
molecular hydrogen or hydrogen donors as a hydrogen source.14,15 To the best of our 
knowledge no work has been published on the use of homogenous platinum catalysts for the 
hydrogenation of FF to FA. In our group, we are currently pursuing research on the synthesis, 
characterization and application of homogenous pyrazolyl(pyridyl) Ru(II) and Rh(I) 
complexes and aminophosphine Ru(II) and Os(II) complexes as pre-catalysts for the 
hydrogenation of furfural to furfuryl alcohol. These complexes have shown promising 
hydrogenation activity. More recently, we turned our attention to evaluate some phosphine 
ligands containing Pt(II) and Pd(II) complexes for the hydrogenation of furfural to furfuryl 
alcohol. Herein we report on the application of series of novel homogenous Pt(II) and Pd(II) 
complexes as pre-catalysts for the hydrogenation of FF to various valuable furans (Scheme 
3.1). 
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Scheme 3.1 Direct and catalytic transfer hydrogenation of furfural. 
3.2 Direct hydrogenation of furfural 
The catalytic activity of the complexes C1 - C6 (Figure 3.1) were evaluated as pre-catalysts 
for the hydrogenation of furfural (Scheme 3.1). Various reaction parameters were 
investigated in order to establish the best catalytic conditions for all the catalyst precursors. 
 
Figure 3.1 Pd(II) and Pt(II) complexes (C1 – C6). 
3.2.1 Optimization of the reaction conditions 
Catalytic studies to obtain optimum conditions for the hydrogenation of FF were performed 
with complex C1 because it has the most representative structure for all the pre-catalysts 
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(Figure 3.1). Hydrogen pressure, catalyst loading, time and temperature of the reaction 
system were investigated. All the results reported are an average of two catalytic runs. 
3.3.2 Effect of solvent 
Firstly, we investigated the effect of the solvent on the reaction (Figure 3.2). From this study 
it was observed that furfural conversion (100%) and good selectivity towards furfuryl alcohol 
was higher in ethanol compared to the other solvents, this might have been due to poor 
solubility issues of the complex in the other solvents tested. 
 
Conditions: Molecular H2 (20 bar), substrate (FF, 10 mmol), time (24 hours), catalyst precursor (complex C1, 
0.02 mmol), 140 ⁰C. Conversion and selectivity determined by 1H NMR spectroscopy. 
Figure 3.2 Effect of solvent in the hydrogenation of FF using molecular H2. 
3.3.3 Effect of pressure 
Optimization of pressure was performed at a fixed temperature of 140 ⁰C for 24 hours at 
various pressure (10 bar to 40 bar). Very moderate conversion of FF (78%) was observed at 
10 bar. The best hydrogenation activity of FF to FA was observed at 20 bar with THFA as a 
second product (13%). At this pressure, the catalyst also displays 100% conversion with a 
good selectivity towards FA. When the pressure was greater than 20 bar, the conversion of 
FF was basically constant (Figure 3.3). Thus 20 bar was selected as the best pressure for 
further experiments. The yield of the products is included in the selectivity as a percentage. 
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Conditions: Ethanol (10 ml), substrate (FF, 10 mmol), catalyst precursor (complex C1, 0.02 mmol), time (24 
hours), 140 ⁰C. Conversion and selectivity determined by 1H NMR spectroscopy. 
Figure 3.3 Effect of pressure in the hydrogenation of FF using molecular H2. 
3.3.4 Effect of temperature 
With the optimum pressure set at 20 bar, hydrogenation studies of pre-catalyst C1 was 
investigated at various temperatures (110 °C to 140 °C). Temperature changes show that an 
increase in temperature can accelerate the reaction. At the temperature of 140 ⁰C, the pre-
catalyst C1 displays complete conversion of FF with a good selectivity towards FA (87%) 
shown in Figure 3.4. Therefore, 140 ⁰C was selected as the best temperature for further 
experiments. The conversion and selectivity towards FA decreases at a lower temperature 
(110 ⁰C and 120 ⁰C), which indicated that the reaction was incomplete. 
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Conditions: Molecular H2 (20 bar), ethanol (10 ml), substrate (FF, 10 mmol), catalyst precursor (complex C1, 
0.02 mmol), time (24 hours). Conversion and selectivity determined by 1H NMR spectroscopy. 
Figure 3.4 Effect of temperature in the hydrogenation of FF using molecular H2. 
3.3.5 Conversion as a function of time 
The reactions were performed using ethanol as a solvent, at different time (2 hours to 10 
hours). At shorter reaction time (2 – 8 hours) the reaction shows incomplete conversion of 
FF. At 10 hours, the pre-catalyst C1 displays 100% conversion of FF (Figure 3.5).  
 
 
 
0
20
40
60
80
100
110 120 130 140
C
on
ve
rs
io
n
 /
%
Temperature/°C
Effect of temperature
Conversion
Selectivity  Furfuryl 
alcohol
Selectivity  Tetrahydro 
furfuryl alcohol
64 
 
 
Conditions: Molecular hydrogen (20 bar), 140 ⁰C, ethanol (10 ml), substrate (FF, 10 mmol), catalyst precursor 
(complex C1, 0.02 mmol). Conversion and selectivity determined by 1H NMR spectroscopy. 
Figure 3.5 Conversion as a function of time in the hydrogenation of FF using molecular H2. 
Therefore, further experiments were performed under 20 bar of H2 and 140 ⁰C for 10 hours. 
After 10 hours, the conversion of FF and selectivity towards FA did not increase. The highest 
turnover frequency obtained was 175 h-1 after the first 2 hours (Figure 3.6). 
 
Figure 3.6 Catalytic activity of the hydrogenation reaction of FF using pre-catalyst C1. 
The TOF and TON were included to account for the catalyst performance in Figure 3.6. The 
TON indicated that catalyst performance was improved over time. 
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3.3.6 Effect of catalyst loading 
The reaction was performed using various catalyst loading (0.05 mol% - 0.2 mol%) at 20 bar 
for 10 hours. Figure 3.7 shows activity of the pre-catalyst C1 under these conditions. In the 
absence of the pre-catalysts, no significant reaction was observed (14% conversion). An 
increase in the catalyst loading resulted in an increase in the conversion of FF. At 0.2 mol% 
catalyst loading, the pre-catalyst C1 displays complete conversion of FF with good selectivity 
towards FA (88%) and minor amounts of THFA (12%). This is expected since there is more 
catalyst per unit volume in solution to effect the reaction. A decrease of catalyst loading (0.05 
mol% - 0.15 mol%) resulted in decrease in FF conversion. 
 
Conditions: Molecular hydrogen (20 bar), 140 ⁰C, ethanol (10 ml), substrate (FF, 10 mmol), time (10 hours). 
Conversion and selectivity determined by 1H NMR spectroscopy. 
Figure 3.7 Effect of catalyst loading in the hydrogenation of FF using molecular H2. 
3.3.7 Hydrogenation of FF using complexes (C1 - C6) as pre-catalysts 
The reactions were performed with the complexes C1 - C6 as catalyst precursors (Figure 3.1) 
using hydrogen molecular under optimum conditions and all the catalyst precursors proved to 
be active (Figure 3.8).The presence of a different metal centre (Pd or Pd) has an influence on 
the catalyst activity and selectivity, as reflected by pre-catalysts C1 and C2. Pre-catalyst C1 
displays excellent conversion (100%) with FA (88%) and THFA (12%) as hydrogenation 
products. In the case of pre-catalyst C2 which contained a Pt metal centre, conversion of 91% 
was observed with 100% selectivity towards FA only. Similarly, pre-catalyst C5 with a Pt 
metal centre also displays 100% selectivity to FA. 
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Conditions: Molecular hydrogen (20 bar), 140 ⁰C, ethanol (10 ml), substrate (FF, 10 mmol), catalyst precursor 
(complexes C1 – C6, 0.02 mmol), time (10 hours). Conversion and selectivity determined by 1H NMR 
spectroscopy. 
Figure 3.8 Hydrogenation of FF using different Pt(II) and Pd(II) pre-catalysts. 
The presence of a bulky benzyl group in pre-catalyst C3 resulted in a lower conversion of 
70% at 20 bar as compared to pre-catalyst C1 with an alkyl group, where 100% conversion of  
is observed. This may be due to the rigidity of the bulky benzyl group which may hinder the 
incoming substrate from interacting with Pd centre more effectively. Pre-catalyst C1 and C4 
with an alkyl chain resulted in good conversion this may be due to the flexibility of the alkyl 
chain. 
3.3.8 Homogeneity test 
In order to test if our catalytic systems were entirely homogeneous, a mercury poisoning 
experiment was conducted. The mercury poisoning investigation is important in 
differentiating between a heterogeneously and homogenously catalyzed reactions.16 This test 
ruled out the formation of any catalytically active Pd(0) and Pt(0) nanoparticles (Figure 3.9). 
The results obtained show slight drop in conversions in the presence of Hg when pre-catalysts 
C2 and C3 were employed. This suggest minute activity due to Pd(0) and Pt (0), however the 
system is mostly homogenous. The reaction was promoted by entirely homogenous catalytic 
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systems C1, C4, C5 and C6, because there was no change in the conversion and activity 
when these pre-catalysts were employed in the presence of mercury. 
 
Conditions: Molecular hydrogen (20 bar), 140 ⁰C, mercury (0.02 mmol), ethanol (10 ml), substrate (FF, 10 
mmol), catalyst precursors (complex C1 – C6, 0.02 mmol), time (10 hours).Conversion determined by 1H NMR 
spectroscopy. 
Figure 3.9 Homogeneity test during the hydrogenation of FF to FA using pre-catalysts (C1 – 
C6). 
3.3.9 Recyclability studies 
Recyclability tests was performed using pre-catalyst C1. Upon completion of the reaction the 
crude mixture was extracted with chloroform. The aqueous layer containing the catalyst was 
dried under vacuum at 115 ⁰C and leaving behind the catalyst. The catalyst was carefully 
washed and the transferred back into the reactor vessel using 5 mL of ethanol, followed by 
drying in an oven at 45 ⁰C. After the solvent was completely evaporated, the reactor vessel 
was recharged with FF (10 mmol) and ethanol (10 mL). The reaction mixture was heated at 
140 ⁰C for 10 hours under 20 bar H2. The pre-catalyst displayed excellent recyclability 
(Figure 3.10) and could be recycled efficiently three times without significant loss in activity. 
A significant drop in conversion of FF was seen in the 4th cycle. A possible reason for this 
observation could be due to the partial decomposition of the active species during the reaction 
or leaching of the active catalyst during extraction.17,18  
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Conditions: Molecular hydrogen (20 bar), 140 ⁰C, ethanol (10 ml), substrate (FF, 10 mmol), catalyst precursor 
(complex C1, 0.02 mmol), time (10 hours). Conversion determined by 1H NMR spectroscopy. 
Figure 3.10 Recyclability of pre-catalysts C1 in the hydrogenation of FF using molecular 
hydrogen. 
3.4 Catalytic transfer hydrogenation of furfural 
Based on the previous experimental results obtained in the direct hydrogenation of FF we 
chose the best Pd-based catalyst (C1) and the best Pt-based catalyst (C5) and carried out 
evaluation of these complexes as pre-catalysts for the catalytic transfer hydrogenation of FF 
(Table 3.1). The reactions were performed by reacting furfural (10 mmol), catalyst (0.02 
mmol), Et3N (10 mmol) and formic acid (20 mmol) in an autoclave reactor at 140 ⁰C for 10 
hours. 
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Table 3.1 Results obtained from hydrogenation of FF using formic acid as a hydrogen 
source. 
Entry Cat. 
 
Et3N 
(mmol) 
Formic acid  
(mmol) 
Solvent 
 
Conv.(%) FA, Sel.a 
(%)  
TON TOF 
1 C1 - 20 Ethanol 0 0 0 0 
2 C5 - 20 Ethanol 38 100 190 19 
3 C1 10 10 Ethanol 64 100 320 32 
4 C5 10 10 Ethanol 70 100 350 35 
5 C1 10 20 Ethanol 88 100 440 44 
6 C5 10 20 Ethanol 100 100 500 50 
7 C1 10 20 - 100 100 500 50 
8 C5 10 20 - 100 100 500 50 
9 C1 10 10 - 78 100 390 39 
10 C5 10 10 - 93 100 465 47 
11 C1 10 15 - 85 100 425 43 
12 C5 10 15 - 100 100 500 50 
 
Conditions: Substrate (FF, 10 mmol), catalyst precursor 0.02 mmol (0,2 mol%), Et3N (equiv as indicated), 
formic acid (equiv as indicated) and time (10 hours), 140 ⁰C. Average error estimates: ± 0.32 (1), ± 0.40 (2), ± 
0.44 (3), ± 0.49 (4), ± 0.46 (5), ± 0.48 (6), ± 0.54 (7), ± 0.50 (8), ± 0.57 (9), ± 0.51 (10), ± 0.25 (11), ± 0.23 (12). 
bDetermined by 1H NMR spectroscopy (isolated yield). Conv. = conversion, Sel. = selectivity and Cat. = 
catalyst. 
Initially, the transfer hydrogenation reactions were carried out in the absence of a base using 
formic acid as a hydrogen source under the optimum conditions (Table 3.1). In the absence of 
a base pre-catalyst C5 gave very poor conversion of FF (38%) and pre-catalyst C1 resulted in 
no conversion (Entries 1 and 2). Increase in conversion was observed in the presence of Et3N 
as a base (Entries 3 and 4). This shows that both pre-catalysts require base for the 
decomposition of formic acid. An equimolar amount of base was selected for the 
hydrogenation reaction and this was used for all subsequent reactions. Pre-catalyst C5 gave 
complete conversion compared to pre-catalyst C1 when the amount of formic acid was 
increased (Entries 5 and 6). Both the pre-catalysts are selective towards FA exclusively. Two 
equimolar amounts of formic acid were selected for the hydrogenation reaction and this was 
used for all subsequent reactions. Complete conversion of FF and 100% selectivity towards 
FA was observed in the absence of ethanol for both pre-catalysts, thus for all subsequent 
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reactions ethanol was unnecessary (Entries 7 and 8). Therefore, the highest conversion of FF 
can be achieved using 20 mmol of formic acid in the absence of ethanol for both pre-catalysts 
C1 and C5 (Entries 7 and 8). When the amount of the formic acid was decreased the 
conversion of FF also decreased (Entries 9 - 12).  
3.4.1 Effect of base 
The reactions were performed using 1 equivalent of each of the bases at 140 ⁰C. KOH 
afforded the poorest conversion (Figure 3.11). The results show that both the pre-catalysts 
performed better with organic bases (Et3N and pyridine) than with an inorganic base, possibly 
due to lack of solubility of the KOH in the absence of solvent. Both the pre-catalysts gave 
complete conversion when Et3N was used, therefore Et3N was used for all subsequent 
reactions.  
 
Conditions: Substrate (FF, 10 mmol), catalyst precursor 0.02 mmol (0,2 mol%), formic acid (20 mmol), time 
(10 hours), 140 ⁰C. Conversion determined by 1H NMR spectroscopy. 
Figure 3.11 Optimization of the base for the hydrogenation of FF using formic acid. 
3.4.2 Effect of catalyst loading 
The reaction was performed using various catalyst loadings and formic acid at 140 ⁰C for 10 
hours (Figure 3.12). A decrease of catalyst loading (0.03 mol%) resulted in decrease in 
conversion of FF. An increase in the catalyst used during the hydrogenation reaction resulted 
in an increase in the conversion of FF. At 0.05 mol% catalyst loading, both catalytic systems 
displayed complete conversion of FF and 100% selectivity to FA, therefore further 
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experiments were performed using 0.05 mol% catalyst loading. At catalyst loading greater 
than 0.05 mol%, both pre-catalysts still maintained complete conversion of FF. Thus transfer 
hydrogenation resulted in better conversion at lower catalyst loading compared to direct 
hydrogenation using molecular hydrogen. 
 
Conditions: Substrate (FF, 10 mmol), Et3N (10 mmol), formic acid (20 mmol), time (10 hours), 140 ⁰C. 
Conversion determined by 1H NMR spectroscopy. 
Figure 3.12 Effect of catalyst loading in the hydrogenation of FF using formic acid. 
3.4.3 Effect of temperature  
The reaction was performed using both pre-catalysts (0.05 mol%) at various temperatures 
ranging from 120 ⁰C to 140 ⁰C (Figure 3.13). Temperature changes show that an increase of 
temperature accelerates the reaction when both pre-catalysts (C1 and C5) are employed, 
while maintaining 100% selectivity to FA. At 120 ⁰C, both the pre-catalysts gave moderate 
conversion of 71% (C1) and 79% (C5). At 140 ⁰C, both pre-catalysts displayed complete 
conversion of FF with a good selectivity. Therefore, 140 ⁰C was selected as the best 
temperature for further experiments.  
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Conditions: Substrate (FF, 10 mmol), Et3N (10 mmol), formic acid (20 mmol), catalyst precursor 0.005 mmol 
(0,05 mol%), time (10 hours). Conversion determined by 1H NMR spectroscopy. 
Figure 3.13 Effect of temperature in the hydrogenation of FF using formic acid. 
3.4.4 Conversion as a function of time  
The reactions were performed using formic acid for 2h, 4h, 6h, 8h and 10h. At shorter 
reaction time (2 – 6 hours) the reaction shows incomplete conversion of FF (Figure 3.14).  
 
Conditions: Substrate (FF, 10 mmol), Et3N (10 mmol), formic acid (20 mmol), catalyst precursor 0.005 mmol 
(0,05 mol%), 140 ⁰C. Conversion determined by 1H NMR spectroscopy. 
Figure 3.14 Conversion as a function of time in the hydrogenation of FF using formic acid. 
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At 8 hours, the pre-catalyst C5 displays 100% conversion of FF and 95% conversion of FF 
with pre-catalyst C1. Pre-catalyst C5 performed better as compared to pre-catalyst C1 in 
catalytic transfer hydrogenation. Thus 8 hours was selected as the best time for the transfer 
hydrogenation reactions. At 10 hours, the conversion of FF still remained 100% using pre-
catalyst C5. Figure 3.15 shows the 1H NMR spectra recorded over time during the conversion 
of FF to FA using pre-catalyst C5. The 1H NMR spectra shows signals for the furfural 
protons (Ha-Hd) indicating that the reaction was incomplete within 4 hours.  
 
 
Conditions: Substrate (FF, 10 mmol), Et3N (10 mmol), formic acid (20 mmol), catalyst precursor  0.005 mmol 
(0,05 mol%), 140 ⁰C. Conversion determined by 1H NMR spectroscopy (400 MHz). 
Figure 3.15 1H NMR spectra of the hydrogenation reaction of FF using pre-catalyst C5 in 
CDCl3 (400 MHz). 
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As the reaction proceeds formic acid peak decreases as a result of the formic acid 
decomposition. There was appearance of the furfuryl alcohol proton signals (new product). 
At 8 hours, the 1H NMR spectrum shows the disappearance of the starting material (FF) and 
the formic acid signals, indicating that the reaction had reached completion. During the 
course of the hydrogenation reaction turnover number (TON) and turnover frequency (TOF) 
were also calculated with both catalytic systems as shown in Table 3.2. 
Table 3.2 Results of TON and TOF versus time obtained from hydrogenation of FF using 
formic acid as a hydrogen source. 
Entry Complex Time/h TON TOF/ h-1 
1 C1 1 820 820 
2 C5 1 1060 1060 
3 C1 2 1020 510 
4 C5 2 1360 680 
5 C1 4 1580 395 
6 C5 4 1840 460 
7 C1 6 1760 293 
8 C5 6 1860 310 
9 C1 8 1900 238 
10 C5 8 2000 250 
 
Conditions: Substrate (FF, 10 mmol), catalyst precursor 0.005 mmol (0,05 mol%) and Et3N (equiv as indicated), 
formic acid (equiv as indicated), 140 ⁰C. Average error estimates: ± 0.25 (1), ± 0.49 (2), ± 0.22 (3), ± 0.49 (4), ± 
0.26 (5), ± 0.22 (6), ± 0.34 (7), ± 0.20 (8), ± 0.37 (9), ± 0.51 (10). bDetermined by 1H NMR spectroscopy 
(isolated yield). Conv. = conversion, Sel. = selectivity and Cat. = catalyst. 
Pt(II) pre-catalyst C5 shows better catalytic activity with a highest turnover frequency of 
ca.1060 h-1 in the first hour, which is competitive to what has been reported in literature.19 
Pd(II) pre-catalyst C1 shows better activity after the first 2 hours and outperformed by the 
Pt(II) pre-catalyst C5 (Table 3.2). 
3.4.5 Homogeneity test 
A mercury poisoning experiment was conducted in order to determine the homogeneity of the 
hydrogenation reaction.16 The reactions were performed using both catalytic systems and one 
molar equivalent of mercury. This proved that the reactions were promoted by molecular 
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catalysts, because separate reactions with C1 and C5, in the presence of metallic mercury, 
exhibited no significant change in the conversions (Figure 3.16). 
 
Conditions: Substrate (FF, 10 mmol), Et3N (10 mmol), mercury (0.005 mmol), formic acid (20 mmol), catalyst 
precursor  0.005 mmol (0,05 mol%), 140 ⁰C, 8 hours. Conversion determined by 1H NMR spectroscopy. 
Figure 3.16 Homogeneity test during the hydrogenation of FF to FA using pre-catalysts C1 
and C5. 
3.4.6 Recyclability studies 
Recyclability test was performed using pre-catalyst C5. After stopping the reaction, the crude 
mixture was dissolved in ethanol and followed by transferring to a Schlenk tube. The 
resulting solution was dried under vacuum at 115 ⁰C and leaving behind the pre-catalyst.17,20 
Ethanol was added to the pre-catalyst in the reactor vessel, followed by drying in oven at 45 
⁰C. After the solvent was completely evaporated, the reactor vessel was recharged with FF 
(10 mmol), Et3N (10 mmol) and formic acid (20 mmol). The reaction mixture was heated at 
140 ⁰C for 8 hours. This procedure was repeated until the fifth cycle (Figure 3.17).  
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Conditions: Substrate (FF, 10 mmol), Et3N (10 mmol), formic acid (20 mmol), catalyst precursor 0.005 mmol 
(0,05 mol%), 140 ⁰C, time (8 hours). Conversion determined by 1H NMR spectroscopy. 
Figure 3.17 Recyclability of pre-catalysts C5 in the hydrogenation of FF using formic acid as 
a hydrogen source. 
It is important to note that the selectivity to furfuryl alcohol remained 100% until the fifth 
cycle. The pre-catalyst displayed excellent recyclability. The pre-catalyst C5 could be 
recycled efficiently four times with a significant drop in conversion of FF in the 5th cycle. FF 
conversion was reduced to 91%, 83% and 67% in the 3rd, 4th and 5th cycle, respectively. This 
observation could be due to the partial decomposition of the active species with each cycle.  
3.4.7 In situ NMR studies of the catalytic process 
The catalytic process was monitored by performing a small scale reaction with DMSO-d6 
solvent in the absence of substrate. Pre-catalyst C5, Et3N and formic acid were loaded into a J 
Young NMR tube and heated in an oil bath at 80 °C.21 Transformation of the pre-catalyst into 
an active species as well as the reaction progress was monitored by using 1H NMR and 
31P{1H} NMR spectroscopy. After 30 minutes, the formation of H2 as a result of the 
decomposition of formic acid, was observed in the 1H NMR spectrum. The chemical shift of 
the H2 appears as a singlet at 4.38 ppm (Figure 3.18). The formation of H2 via catalytic 
decomposition of formic acid has been observed and reported in literature.19,22,23 Deng and 
co-workers also reported  the formation of H2 after 20 minutes, but they did not include any 
spectroscopic evidence.24,25 
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Figure 3.18 1H NMR spectra of a reaction mixture of C5 (0.02 mmol), formic acid (0.03 
mmol) and Et3N (0.03 mmol) heated at 80 ℃ in a J Young NMR tube showing liberation of 
H2 (500 MHz, DMSO-d6). 
During the course of the decomposition of the formic acid by C5, there was a cleavage of the 
Pt-imine nitrogen bond with subsequent hydrolysis of the functional group. The hydrolysis of 
the imine functional group was evidenced by the appearance of the proton signal at around 
10.32 ppm in the 1H NMR spectrum, signifying a free aldehyde molecule. The Pt-imine 
nitrogen bond cleavage results in a vacant coordination site which allows the formate ion to 
coordinate to the metal for the decomposition to take place. This is supported by empirical 
evidence in our NMR studies. The role of base was to deprotonate the formic acid to the 
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formate, which then coordinates to the Pt centre, followed by formic acid decomposition to 
H2and CO2.
19 Formation of the hydrido species of C5 was observed within 30 minutes into 
the reaction (Figure 3.19), thus leading to the reaction mechanism proposed in Scheme 3.2.  
 
Figure 3.19 1H NMR spectra of a reaction mixture of C5 (0.02 mmol), formic acid (0.03 
mmol) and Et3N (0.03 mmol) heated at 80 ℃ in a J Young NMR tube showing formation of 
the Pt-hydrido species (500 MHz, DMSO-d6). 
The 1H NMR spectrum shows a signal as a triplet peak at -16.79 ppm, with a 1JP-H coupling 
constant of 20 Hz. The 1H NMR spectrum also shows that the signal peak at -16.79 ppm had 
two 195Pt satellites flanking it due to 1H-195Pt with a 1JPt-H coupling of 1232 Hz. Similar 
results have been reported in literature.26–28 The 31P{1H} NMR spectra shows a change in 
chemical shift from 4.90 ppm (exhibits 31P-195Pt coupling of 3786 Hz) to 22.55 ppm (Figure 
3.20), which has been assigned to the hydrido species C5-III shown in Scheme 3.2. After 120 
minutes of heating, the signal at 22.55 ppm (exhibits 31P-195Pt coupling of 2385 Hz) was the 
only dominant peak observed. 
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Figure 3.20 31P{1H} NMR spectra of a reaction mixture of C5 (0.02 mmol), formic acid 
(0.03 mmol) and Et3N (0.03 mmol) heated at 80 ℃ in a J Young NMR tube (500 MHz, 
DMSO-d6). 
In order to monitor the reaction progress another small scale reaction was performed in the 
presence of the substrate, furfural (FF), by loading FF, the pre-catalyst C5, Et3N and formic 
acid into J Young NMR tube and heating the contents of the tube in an oil bath at 80 °C. 
Again, the 1H NMR spectrum shows the appearance of new singlet at 4.37 ppm, 
corresponding to formation of H2 (Figure 3.21).  
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Figure 3.21 1H NMR spectra of a crude mixture of C5 (0.02 mmol), formic acid (0.03 
mmol), FF (0.03 mmol) and Et3N (0.03 mmol) obtained from hydrogenation of furfural in a J 
Young NMR tube (400 MHz, DMSO-d6, 80 ℃). 
The same peak pattern also indicates cleavage of the Pt-imine nitrogen bond occurred. This 
indicates that the hydrogenation reaction proceedings by the Pt-catalysed decomposition of 
formic acid to generate H2, followed by a molecular hydrogenation mechanism taking place 
alongside a transfer hydrogenation mechanism. 
We also performed another small scale reaction in the presence of deuterated formic acid. 
The reaction was also performed by loading FF, pre-catalyst C5, Et3N and deuterated formic 
acid into the J Young NMR tube and this was heated in an oil bath at 80 °C. The same 1H 
NMR peak pattern was observed. Cleavage of the Pt-imine nitrogen bond was observed 
(Figure 3.22) and the 1H NMR spectrum shows a triplet peak at -16.67 ppm, with platinum 
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satellites. A coupling constant JP-D of 16 Hz was observed. This suggests that formation of D2 
follows the decomposition of deuterated formic acid (hydrogen source) followed by 
formation of the Pt-D metal deuteride species. 
 
Figure 3.22 1H NMR spectra of a crude mixture of C5 (0.02 mmol), deuterated formic acid 
(0.03 mmol), FF (0.03 mmol) and Et3N (0.03 mmol) obtained from hydrogenation of furfural 
in a J Young NMR tube (400 MHz, DMSO-d6, 80 ℃). 
3.4.8 Proposed reaction mechanism 
Based on the in situ 1H NMR and 31P{1H} NMR results, we propose the hydrogenation 
reaction takes place via a mechanism involving molecular hydrogen that is generated by pre-
catalyst C5 decomposing formic acid to CO2 and H2 (Scheme 3.2). Formate ion is first 
formed by the deprotonation of formic acid by Et3N. After the Pt-imine nitrogen bond has 
cleaved, the formate ion coordinates to the metal centre. Molecular hydrogen then 
coordinates to the platinum metal centre and forms a Pt-H2 complex. This could lead to the 
formation of (C5-II) by weak interaction of molecular H2 with the platinum centre. As a 
result of its weak interaction with the platinum centre, the molecular hydrogen can easily 
separate from the metal centre and this results in the elongation of the H-H bond (heterolytic 
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cleavage).29 Ligand assisted proton transfer from the Pt-H2 species leads to the formation of 
the Pt-mono-hydride active species (C5-III). Once the active species is generated, the 
reaction proceeds via reported literature methods for the hydrogenation of carbonyl 
compounds.19 The hydride from the active species is transferred to the carbonyl carbon when 
the substrate coordinates to the Pt(II) centre. This step proceeds through formation of the 
four-membered ring intermediate or transition state (C5-IV). The hydride transfer from the 
platinum to the carbonyl carbon of the substrate leads to species C5-V. C5-V has a vacant 
site which can coordinate a second molecule of H2 to give intermediate C5-VI. A second 
proton transfer from the Pt-H2 intermediate C5-VI to the carbonyl oxygen atom coordinated 
to the Pt leads to regeneration of the active species C5-III and expulsion to FA. 
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Scheme 3.2 Proposed catalytic cycle for the hydrogenation of FF to FA with pre-catalyst C5 
using formic acid in the presence of Et3N. 
 
3.5 Summary 
In summary, we have shown that six novel Pd(II) and Pt(II) complexes are active pre-
catalysts for the hydrogenation of furfural using molecular H2 as a hydrogen source in 
ethanol. These catalysts showed excellent selectivity towards formation of furfuryl alcohol. 
Pre-catalyst C1, C3, C4 and C6 also formed a second product (tetrahydrofurfuryl alcohol). 
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Recyclability experiments were performed using pre-catalyst C1 and the results show good 
recyclability. Mercury poisoning tests showed pre-catalysts C2 and C3 exhibited slight drop 
in activity due to active nanoparticles, suggesting that the catalytic reaction was mostly 
homogenous. The reaction was entirely homogenous when pre-catalysts C1, C4, C5 and C6 
were employed. Complexes C1 and C5 showed greater activity and selectivity as catalyst 
precursors for the hydrogenation of furfural using formic acid as a hydrogen source. The 
highest turnover frequency was 1060 h-1 using pre-catalyst C5 for the transfer hydrogenation 
of FF. Both catalytic systems were found to be entirely homogenous in hydrogenation of 
furfural using formic acid as a hydrogen source. In situ NMR studies were performed and 
culminated in the proposition of a plausible reaction mechanism for the transformation. 
Making use of 1H NMR and 31P{1H} NMR we have also been able to identify the likely 
catalytically active species. 
3.6 Experimental section 
3.6.1 Materials and instrumentation 
Furfural (FF), ethyl acetate, iso-propanol, toluene, acetonitrile, furfuryl alcohol (FA), ethanol 
(EtOH), formic acid, triethylamine, pyridine, tetrahydrofurfuryl alcohol (THFA) and 
methanol (MeOH) were also purchased from Sigma-Aldrich and used as supplied. Nuclear 
magnetic resonance (NMR) spectra were recorded on a Bruker Ultrashield-400 MHz 
spectrometer (1H: 400 MHz) in dimethylsulfoxide, chloroform solution using 
tetramethylsilane as an internal standard (δ = 0 ppm). All chemical shifts are reported in ppm 
using TMS as a reference. All hydrogenation reactions were performed in PPV-CTRO1-CE 
high pressure reactor vessels fitted into a high pressure autoclave reactor or EYELA Personal 
Synthesizer reactor block with built-in stirring, heating and cooling. 
3.7 General hydrogenation procedure 
3.7.1 Direct hydrogenation using molecular H2 as a hydrogen source 
Direct hydrogenation of furfural was carried out in a 60 ml stainless autoclave reactor 
equipped with a mechanical stirrer, an electric temperature controller and a pressure gauge. 
For a typical experiment catalyst (0.02 mmol), solvent (10 ml) and furfural (10 mmol) were 
introduced into the reactor. The sealed autoclave was flushed with H2 twice and pressured to 
desired pressure using molecular hydrogen as a hydrogen source. The temperature was set at 
appropriate temperature, after the designated temperature was reached, the reaction began 
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and stirring was done at stirring speed of 1000 rpm. At the end of the reaction the reactor was 
cooled and then slowly depressurized. The conversion and product selectivity were analysed 
by 1H NMR spectroscopy techniques. 
3.7.2 Transfer hydrogenation using formic acid as a hydrogen source 
Catalyst (0.005 mmol), formic acid (20 mmol), triethylamine (10 mmol) and furfural (10 
mmol) were added to an autoclave reactor (50 mL). The mixture was heated to the desired 
temperature after purging four times with nitrogen gas. The temperature was set at 
appropriate temperature and stirring was done at stirring speed of 1000 rpm for the required 
length of time. After stopping the reaction the reactor vessel was cooled, followed by the 
release of the generated gas. A sample of the mixture was then analysed by 1H NMR 
spectroscopy techniques to determine the conversion and product selectivity. 
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 CHAPTER FOUR 
Catalytic evaluation of Pd(II) complexes C1 and C3 for the Mizoroki-Heck 
carbon-carbon cross-coupling reaction 
4.1 Introduction 
The arylation of olefins with aromatic hydrocarbons has become one of the most powerful 
synthetic tools in the preparation of C-C bonds for organic chemists in academia and 
industry.1,2 On a small scale, the Mizoroki-Heck carbon-carbon cross-coupling reaction has 
been an indispensable synthetic route for chemists. Industrially, the Mizoroki-Heck carbon-
carbon cross-coupling reaction provides wide range of pharmaceutical products, 
agrochemicals and fine chemicals.1 The general Mizoroki-Heck carbon-carbon cross-
coupling reaction as depicted in Scheme 4.1 involves the reaction of alkenes and arylhalides, 
vinylhalides or triflates in the presence of a pre-catalyst (mostly palladium) and a base to 
afford corresponding arylated alkenes.3 
 
Scheme 4.1 The Mizoroki-Heck cross-coupling reaction in aqueous medium. 
However, Pd is one of the most expensive metals and known reserves of palladium are fast 
depleting and therefore there is an urgent need to develop new sustainable routes when 
utilizing such a precious metal.4 
Water is a green solvent that is non-toxic, non-flammable, odorless and widely available.5,6 It 
has been used as a reaction medium to minimize the use of conventional organic solvents in 
the Mizoroki-Heck carbon-carbon cross-coupling reaction.7–9 The use of water as a reaction 
solvent makes it easy for catalyst recovery. In order for reactions to work in aqueous 
medium, it is necessary that the catalyst is designed in such a way that it has hydrophilic 
groups around the active metal centre.10,11 
Sulfonation is a very popular method for introducing water-soluble groups onto a catalyst to 
render the catalyst water-soluble. In these reports, the sulfonated compounds were used to 
catalyze various reaction in aqueous medium.12–14 Cyclodextrins have also been utilized in 
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the preparation of water-soluble Pd catalysts for application in the Mizoroki-Heck carbon-
carbon cross-coupling reaction.15 In this work, catalysts proved to be very efficient with iodo-
arenes and bromo-arenes with high yields of products being achieved. Catalyst recovery and 
recycling was also possible using water as solvent. 
In another report, a salicylaldoxime functionalized poly(ethylene glycol) grafted dicationic 
ionic liquid has been utilized as a water-soluble ligand in the Mizoroki-Heck carbon-carbon 
cross-coupling reaction in aqueous medium.16 This ligand together with a [Pd(OAc)2] 
precursor catalyzed the cross-coupling between various terminal olefins and aryl bromides 
effectively and the system could be recycled up to six times with no significant drop in 
product yields. 
Carboxylic acid groups have also been incorporated in Pd(II) pincer complexes to make 
water-soluble complexes which have shown activity in the Mizoroki-Heck cross-coupling 
reaction.17 Moderate recycling of the catalysts was reported for these hydrophilic complexes. 
In this chapter, we discuss the results obtained from the use of Pd(II) complexes C1 and C3 
as catalyst precursors for the Mizoroki-Heck carbon-carbon cross-coupling reactions in 
aqueous medium.  
4.2 Aqueous phase Mizoroki-Heck carbon-carbon cross-coupling reactions 
The catalytic activity of the complexes (Figure 4.1) was evaluated in the Mizoroki-Heck 
carbon-carbon cross-coupling reaction. Various reaction parameters were investigated in 
order to establish the best catalytic conditions for both catalyst precursors.  
 
Figure 4.1 Catalyst precursors C1 and C3. 
Various bases, temperatures, catalyst loadings and reaction times were investigated. 
During the optimization reactions, iodobenzene and styrene were used as model 
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substrates. A further investigation on the performance of these catalyst precursors with 
various substrates will be discussed later in this section. It is important to note that when 
the reactions were performed in the absence of either palladium catalyst precursor or 
tetrabutylammonium bromide no product was observed. The general catalytic cycle of 
the Mizoroki-Heck carbon-carbon cross-coupling reaction is shown in Scheme 4.2. The 
first step in the mechanism of the Mizoroki-Heck carbon-carbon cross-coupling reaction 
is the oxidative addition of the aryl halide to Pd(0). Afterwards, migratory insertion of 
the alkene occurs through transmetallation reaction to generate a Pd(II) alkyl complex 
that undergoes Pd-hydride elimination (β-hydride elimination) to furnish the coupled 
product.3,18 The final step is base assisted reduction from Pd(II) back to Pd(0) complex 
for further reaction cycles, and this step is called reductive elimination step. Different 
bases influence this step differently and therefore it is of high importance to investigate 
the performance of variety of bases for the Mizoroki-Heck cross-coupling reaction.14,19 
 
Scheme 4.2 General scheme for the Mizoroki-Heck carbon-carbon cross-coupling reaction.2,3 
4.2.1 Optimization of conditions 
Optimization of the reaction conditions were performed using iodobenzene, styrene, TBAB 
and water (2 mL) as a solvent as shown in Scheme 4.1. In all the reactions, it was observed 
that both pre-catalysts are selective towards the trans-products (100%). 
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4.2.2 Variation of catalyst loading 
Different amounts of catalyst loading were tested (0.05 mol% - 5 mol%) as illustrated in 
Figure 4.2. Decreasing the catalyst loading to 3 mol% resulted in decreased conversion from 
94% (C1) and 99% (C3) to less than ≈ 84% for both pre-catalysts. The best catalyst loading 
was found to be 5 mol% with decreased conversions observed at 0.05 mol% for both pre-
catalysts. Thus 5 mol% was selected as the optimum catalyst loading for both pre-catalysts. 
 
Figure 4.2 Optimization of catalyst loading using catalyst precursors C1 and C3. 
4.2.3 Effect of base 
In the next step, the influence of the base was investigated using both pre-catalysts C1 and 
C3. The performance of the pre-catalysts was evaluated using four inorganic bases because 
water was being used as the solvent.14,19 The reaction was performed at 140 °C. The results 
obtained using water-soluble catalyst precursors are summarised in Figure 4.3. All bases gave 
excellent conversion. Na2CO3 which gave moderate conversion of 67% (C1) and 70% (C3), 
respectively. For pre-catalyst C1, KOH proved to be the best base and K2CO3 displayed the 
best results using pre-catalyst C3.  
 
0
20
40
60
80
100
0.05 0.1 0.2 1 3 5
C
on
ve
rs
io
n
 (
%
)
Catalyst loading/mol%
Effect of catalyst loading
C1
C3
92 
 
 
Figure 4.3 Optimization of base using catalyst precursors C1 and C3. 
4.2.4 Conversion as a function of time 
The amount of time required for the reaction to reach completion was investigated. For both 
pre-catalysts, results were obtained at 2 hour intervals. Pre-catalyst C3 had an exceptionally 
short induction period resulting in 61% conversion of substrate to trans-stilbene in 2 hours 
(Figure 4.5). Pre-catalyst C1, on the other hand, had relatively longer induction period 
resulting in 5% conversion of the substrate to trans-stilbene in 2 hours. This suggests that 
steric bulk on the pre-catalyst might be more important for the Mizoroki-Heck carbon-carbon 
cross-coupling reaction. For both pre-catalysts, reaction completion was reached in 6 hours 
(Figure 4.4).  
 
Figure 4.4 Representative of Gas Chromatogram after Mizoroki-Heck carbon-carbon cross-
coupling reaction. 
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However, increasing the reaction time from 6 hours to 8 hours resulted in no significant 
improvement in conversion for both pre-catalysts. Thus 6 hours was selected as the best time 
for both catalytic systems (Figure 4.5). 
 
Figure 4.5 Optimization of reaction time using catalyst precursors C1 and C3. 
4.2.5 Effect of temperature 
Finally, the influence of temperature on these reactions in aqueous medium was investigated. 
The reaction temperatures was varied from 100 °C to 160 °C in order to determine the 
optimum reaction temperature for both catalytic systems. From 100 °C to 120 °C, there was a 
gradual increase in iodobenzene conversion to trans-stilbenes for both pre-catalysts. 
Increasing the temperature from 120 °C to 140 °C, resulted in 96% (C1) and 99% (C3), 
respectively (Figure 4.6). Several reports in the literature show that under aqueous conditions 
elevated temperatures are more favourable.8,16,20 Similarly with these catalytic systems, 140 
°C gave the best aryl halide conversions of > 95% (Figure 4.6). 
 
 
0
20
40
60
80
100
2 4 6 8
C
on
ve
rs
io
n
 (
%
)
Time/hours
Conversion as a function of time
C1
C3
94 
 
 
Figure 4.6 Optimization of temperature using catalyst precursors C1 and C3. 
4.2.6 The Mizoroki-Heck carbon-carbon cross-coupling reactions using catalyst 
precursors C1 and C3 with various substrates. 
After optimization, the catalyst precursors were tested in the Mizoroki-Heck carbon-carbon 
cross-coupling reaction of various aryl halides, acrylates and olefinic compounds to confirm 
if these catalysts are compatible with various substrates (Scheme 4.3). The products formed 
from the reactions with the two catalysts were confirmed using gas chromatography and 1H 
NMR spectroscopy and isolated yields are reported (Figure 4.4 and Appendix). 
 
Scheme 4.3 The Mizoroki-Heck carbon-carbon cross-coupling reaction in aqueous medium. 
Both aryl iodides and bromides afforded the corresponding products with almost all the aryl 
halide converted to the trans products are shown in Table 1. When both C1 and C2 were 
employed as catalysts with aryl halide containing electron-donating substituents and styrene 
as the olefin, conversions between 59% and 70% are observed (Entries 1, 3, 11 and 13). 
When electron-donating groups are present, lower activity is observed. This is expected 
because it is generally known that the presence of electron-donating groups attached to the 
aromatic ring suppresses the reactivity C-X bond of the aryl halide, when compared to the 
electron-withdrawing groups. This could have resulted from variation in solubility of the 
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substrates in the catalyst containing aqueous layer. However, in the presence of electron-
withdrawing groups using the same catalysts, conversions >98% are obtained (Entries 4, 5, 6, 
14, 15 and 16). When 4-chlorostyrene was utilized as the olefinic substrate, poorer results 
were observed with 27 % (C1) and 24% (C2) conversion and TOF of 12 and 9, respectively. 
Both (pre)catalysts also showed some activity with ethyl acrylate and iodobenzene with 
isolated product yields between 70% - 89%. Regrettably, aryl chlorides did not give any 
corresponding products under the test conditions. In general, the turnover numbers and 
turnover frequencies for these catalytic systems are very low. This could be due to the 
biphasic nature of the system and hence catalyst containing aqueous phase had limited 
contact time with the organic substrates. Such low activities have also been observed in the 
literature for catalysts immobilized in water.21 The active of the two catalysts differ very 
slightly and this may be attributed to the small difference in their solubility in water. The 
other reason could be the different phosphine ligands that may impact of the slight 
differences in activity. 
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Table 1: Mizoroki-Heck cross-coupling reaction products formed using catalysts precursors C1 and C2. 
 
 
 
 
Entry Catalyst Base Conversion/
% 
Isolated 
Yield/% 
Aryl   
halide 
Olefin TON TOF 
1 C1 KOH 59 57       
 
 
 
36 6 
2 C1 KOH 99 94       
 
 
 
48 8 
3 C1 KOH 60 56         
 
 
 
30 5 
4 C1 KOH 99 96 
 
 
48 8 
5 C1 KOH 99 95       
 
 
48 8 
6 C1 KOH 99 96 
 
48 8 
7 C1 KOH 96 93 
 
 
66 11 
8 C1 KOH 27 24 
 
 
12 2 
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9 C1 KOH 84 83 
 
 
42 7 
10 C1 KOH 91 89 
 
 
42 7 
11 C2 K2CO3 67 65 
 
 
36 6 
12 C2 K2CO3 95 93 
 
 
48 8 
13 C2 K2CO3 70 68 
 
 
30 5 
14 C2 K2CO3 90 87 
 
 
48 8 
15 C2 K2CO3 99 95 
 
 
48 8 
16 C2 K2CO3 99 96 
 
48 8 
17 C2 K2CO3 99 94 
 
 
66 11 
18 C2 K2CO3 24 20 
 
 
9 2 
19 C2 K2CO3 74 70 
 
 
42 7 
20 C2 K2CO3 91 86 
 
 
42 7 
Figure 4.7 The Heck cross-coupling reaction products formed using catalysts precursors C1 and C3. 
Conditions: Distilled water (2 mL), aryl halide (0.24 mmol), olefin substrate (0.26 mmol), base (0.30 mmol), Pd catalyst 
precursor (5 mol%), tetrabutylammonium bromide (0.12 mmol), 140 oC, 6 hours, n-decane as internal standard. Selectivity is 
reported relative to (trans-product). All conversions were monitored by GC and conversion of aryl halide is average of two 
identical catalytic experiments. 
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4.2.7 Recyclability test 
The recyclability studies of the catalyst precursors, iodotoluene and styrene were employed 
as substrates. Upon completion of the reaction the organic products were extracted with ethyl 
acetate. A fresh batch of substrates was added to the catalyst containing aqueous layer and the 
reaction was allowed to proceed. Results from the recycling experiments show that both pre-
catalysts can be recycled efficiently twice, with a decrease in aryl halide conversion in each 
recycle. For pre-catalyst C1 the conversion of iodotoluene dropped significantly with each 
cycle (96%, 80%, 25% and 25% respectively) whilst pre-catalyst C3 performed similarly 
(99%, 82%, 45% and 20% respectively) (Figure 4.8). This could be due to catalyst 
deactivation with each recycle or catalyst loss during extraction of the organic products. 
Similar trends have also been previously observed in the literature.16 
  
Figure 4.8 Recyclability of pre-catalysts C1 and C3, % aryl halide converted reported. 
4.2.8 Mercury poisoning test 
In order to test if both catalytic systems were entirely homogeneous, a mercury poisoning 
experiment was conducted. This experiment was set up exactly the same way as discussed 
above using styrene and iodobenzene as substrates, however in this case a drop of mercury 
was added to each reaction vessel. Upon analysis of the reaction mixture at the end of the 
reaction, both pre-catalysts C1 and C3 gave conversions greater than 96%. This indicates that 
no catalyst was poisoned by the mercury and hence both catalytic systems are entirely 
homogeneous.  
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4.3 Conclusions 
Two new water-soluble Pd(II) catalyst precursors (C1 and C3) have been developed and 
tested as pre-catalysts in the Mizoroki Heck carbon-carbon cross-coupling reaction. These 
pre-catalysts have proved to be versatile with various substrates. Both pre-catalysts showed 
excellent selectivity to the trans-products with no cis-products observed. The systems showed 
higher aryl halide conversions with substrates that contain electron-withdrawing substituents. 
Both pre-catalysts displayed efficient recyclability twice with significant drop in aryl halide 
conversion being observed in the third and fourth recycle. The catalyst precursors behave as 
entirely homogenous catalysts as proven by the mercury poisoning experiment. 
4.4 Procedure for the Mizoroki-Heck carbon-carbon cross-coupling reactions in water 
A mixture of aryl halide (0.24 mmol), olefin substrate (0.26 mmol), base (0.30 mmol), Pd 
catalyst precursor (5 mol%), tetrabutylammonium bromide (0.12 mmol) and distilled water (2 
mL) were heated at 140 °C for an appropriate time. After the completion of the reaction, the 
solution was allowed to cool and the organic products extracted with ethyl acetate, dried and 
then dissolved in DMF followed by analysis using gas chromatography using n-decane as the 
internal standard. All the reported conversions are based on the aryl halide conversion to the 
products. All reactions were performed in duplicate. 
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CHAPTER FIVE 
Overall Summary and Future Outlook 
5.1 Synthesis of Pd(II) and Pt(II) complexes for the hydrogenation of furfural to 
furfuryl alcohol 
5.1.1 Overall Summary 
Two ligands and a series of novel Pd(II) and Pt(II) complexes were synthesized and 
characterized using various spectroscopic and analytical techniques. These complexes were 
found to be active pre-catalysts for the hydrogenation of furfural using molecular H2 as a 
hydrogen source in ethanol. The highest turnover frequency obtained was 175 h-1 after the 
first 2 hours using pre-catalyst C1 for the hydrogenation reaction. Recyclability experiments 
were performed using pre-catalyst C1 and the results shows good recyclability. Mercury 
poisoning tests showed that when pre-catalysts C2 and C3 were employed was a slight drop 
in activity due to active nanoparticles, suggesting that the catalytic reaction was mostly 
homogenous. The reaction was entirely homogenous when pre-catalysts C1, C4, C5 and C6 
were employed.  
Complexes C1 and C5 also showed greater activity and selectivity as pre-catalysts for the 
hydrogenation of furfural using formic acid as a hydrogen source. Both catalytic systems 
(0.05 mol%) resulted in good selectivity towards furfuryl alcohol at mild conditions in 8 
hours. Pre-catalyst C5 also proved to be recyclable and could be recycled fives with a 
significant drop in conversion of FF in the 5th cycle. A possible reason for this observation 
could be due to the partial decomposition of the active species during the reaction. In situ 
NMR studies were performed and culminated in the proposition of an active species and a 
plausible reaction mechanism of the reaction. The results obtained showed that formate ions 
coordinate to the platinum metal centre to initiate the platinum-catalyzed decomposition of 
formic acid to produce hydrogen gas and CO2, which is subsequently utilized in the 
conversion of furfural to furfuryl alcohol. 
5.1.2 Future Outlook 
Since there are few Pd(II) and Pt(II) homogenous catalyst systems employed in the 
hydrogenation of furfural, there is need to develop new catalytic systems that have two 
different metals. The use of heterobimetallic complexes in catalysis is slowly increasing as 
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researchers seek to design suitable catalysts for industrial applications. Addition of another 
metal confers unique and intriguing catalytic and chemical behaviour to the complexes and 
often results in enhanced activity, improved yield and increased rates of transformation.1–3 
Varying electronic groups may be another avenue to explore in designing the heterobimetallic 
complexes. In addition, computational studies could be performed to study the mechanism 
involved in the conversion of FF to FA using both molecular hydrogen and formic acid. 
These would complement the results obtained from in situ NMR studies and possibly 
corroborate the proposed mechanism. 
5.2 Catalytic evaluation of Pd(II) complexes C1 and C3 for the Mizoroki-Heck carbon-
carbon cross-coupling reaction 
5.2.1 Overall Summary 
Water-soluble Pd(II) complexes (C1 and C3) have been tested as pre-catalysts in the 
Mizoroki-Heck carbon-carbon cross-coupling reaction and have proved to be versatile with 
various substrates in neat water. The systems showed higher aryl halide conversions with 
substrates that contain electron-withdrawing substituents. Both pre-catalysts displayed 
efficient recyclability twice with significant drop in aryl halide conversion being observed in 
the third and fourth recycle. The catalyst precursors behave as entirely homogenous catalysts 
as proven by the mercury poisoning experiment. 
5.2.2 Future Outlook 
The performances of both Pd(II) catalyst precursors (C1 and C3) were not tested with aryl 
chlorides as substrates. It is important that these reactions are investigated with more 
challenging coupling partners in the future. In order to improve recyclability of the catalyst 
for the Mizoroki-Heck carbon-carbon cross-coupling reaction with water, solubilising 
sulphonate groups could be used instead of carboxylic acid groups in an aqueous biphasic 
approach. One other approach to improve the reaction would involve immobilizing the pre-
catalysts in an ionic liquid which can subsequently be coated on a suitable support (to form a 
solid ionic liquid phase, SILP, catalysts)  and used as heterogeneous catalysts.4 
5.3 References 
1 G. Amenuvor, J. Darkwa and B. C. E. Makhubela, Catal. Sci. Technol., 2018, 8, 2370–
2380. 
2 C. A. H. Jans, G. Surez, A. S. P. Nolan and N. H. Reek, J, Chem. Eur. J., 2016, 22, 
103 
 
14836–14839. 
3 S. Siangwata, N. Baartzes, B. C. E. Makhubela and G. S. Smith, J. Organomet. Chem., 
2015, 796, 26–32. 
4 A. Weiß, M. Munoz, A. Haas, F. Rietzler, H. P. Steinrück, M. Haumann, P. 
Wasserscheid and B. J. M. Etzold, ACS Catal., 2016, 6, 2280–2286. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
104 
 
APPENDIX 
 
 
 
 
 
Figure A1 13C{1H} NMR spectrum of ligand L1, recorded in DMSO-d6. 
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Figure A2 HSQC NMR spectrum of ligand L1, recorded in DMSO-d6. 
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Figure A3 COSY NMR spectrum of ligand L2, recorded in D2O. 
 
 
 
 
 
 
 
 
Figure A4 1H NMR spectrum of metal precursor 1, recorded in DMSO-d6. 
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Figure A5 1H NMR spectrum of metal precursor 2, recorded in DMSO-d6. 
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Figure A6 1H NMR spectrum of metal precursor 3, recorded in DMSO-d6. 
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Figure A7 1H NMR spectrum of complex C2 in DMSO-d6 (400 MHz). 
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Figure A8 31P{1H} NMR spectrum of complex C2, recorded in DMSO-d6. 
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Figure A9 13C{1H} NMR spectrum of complex C2, recorded in DMSO-d6. 
Figure A10 31P{1H} NMR spectrum of complex C3, recorded in DMSO-d6. 
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Figure A11 31P{1H} NMR spectrum of complex C4, recorded in DMSO-d6. 
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Figure A12 13C{1H} NMR spectrum of complex C5, recorded in DMSO-d6. 
 
 
 
 
Figure A13 1H NMR spectrum of complex C6, recorded in DMSO-d6. 
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Figure A14 High resolution ESI-MS of ligand L1. 
 
Figure A15 High resolution ESI-MS of the metal precursor 1 recorded in the negative ion-
mode (negative): m/z = 692.9752 [M - H]-. 
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Figure A16 High resolution ESI-MS of the metal precursor 2 recorded in the negative ion-
mode (negative): m/z = 788.9938 [M - H]-. 
 
Figure A17 High resolution ESI-MS of the metal precursor 3 recorded in the negative ion-
mode (negative): m/z = 781.0539 [M - H]-. 
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Figure A18 High resolution ESI-MS of complex C1 
Figure A19 High resolution ESI-MS of complex C3. 
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Figure A20 High resolution ESI-MS of complex C4.  
 
Figure A21 High resolution ESI-MS of complex C5. 
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Figure A22 FTIR spectrum of ligand L1, recorded neat. 
Figure A23 Representative 1H NMR of the reaction products (furfural H2) using C1 complex 
and molecular hydrogen, showing products of furfuryl alcohol and tetrahydrofurfuryl alcohol, 
recorded in CDCl3-d3 (400 MHz, DMSO-d6). 
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Figure A24 Representative 1H NMR of the reaction mixture (furfural H2) using C5 complex 
and molecular hydrogen, showing product of furfuryl alcohol and remaining substrate 
recorded in CDCl3-d3 (400 MHz, DMSO-d6). 
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Figure A25 31P{1H} NMR spectra of a reaction mixture of C5 (0.02 mmol), formic acid 
(0.03 mmol), FF (0.03 mmol) and Et3N (0.03 mmol) heated at 80 ℃ in a J Young NMR tube 
(500 MHz, DMSO-d6). 
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Figure A26 1H NMR spectrum of (E)-1,2-diphenylethene, recorded in CDCl3-d3. 
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Figure A27 1H NMR spectrum of (E)-1-methyl-4-styrylbenzene from iodotoluene and 
styrene, recorded in CDCl3-d3. 
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Figure A28 1H NMR spectrum of (E)-Ethyl-cinnamate, recorded in CDCl3-d3.
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